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FOREWORD TO SECOND EDITION 


Science for the Citizen is partly written for tlie large and growing number of 
intelligent adults who realize that iht Impact of Science on Society is now the 
focus of genuinely constructive social effort. It is also written for the large 
and growing number of adolescents, who realize that they will be the first 
victims of the new destructive powers of science misapplied, Since it is the 
first British handbook to Scientific Humanism, it has, inevitably, the glaring 
faults of any new thing. Education segregates the scientific specialist from 
those who study problems of government and social welfare. So like anyone 
else who, in this generation, might have attempted a task so ambitious, I 
have had to re-educate myself in tlie process of writing it. 

Natural science is an essential part of the education of a citizen, because 
scientific discoveries affect the everyday lives of everyone. Hence science 
for the citizen must be science as a record of past, and as an inventory for 
future, human achievements, Inevitably it cannot be divorcedi from history, 
and my first duty is to acknowledge the patience with which my former 
colleagues of the history department in the London School of Economics 
responded to my requests for sources of information. Needless to say I am 
not competent to judge the reliability of the sources, which I have quoted at 
length when a personal statement of opinion would imply that I have sufficient 
first-hand knowledge to do so. For instance, this applies to some suggestive 
speculations concerning the dating of ancient monuments in Chapters I and 
IV. To avoid misunderstandingj let me warn the reader that different experts 
do not always share the same views on this topic, and the example cited in 
Chapter IV is not given because all authorities would agree with the date of 
the Pyramid to which Neuberger subscribes in his treatise on ancient techno¬ 
logy. I have included it for reasons more fuUy stated below, in particular, 
because it gives the reader a clue to the way in which a hypothesis of this kind 
can be subjected to an independent test. 

In the Victorian age big men of science lil« Faraday, T. H. Huxley, and 
Tyndall did not thinlt it beneath their dignity to write about simple truths 
with the conviction that they could instruct their audiences. There were 
giants in those days. The new fashion is to select from the periphery of 
mathematicized hypotheses some half assimilated speculation as a preface 
to homilies and apologetics crude enough to induce a cold sweat in a really 
sophisticated theologian who knows Ins job. The clue to the state of mind 
which produces them is contempt for the common man. The key to the 
eloquent literature which the pen of Faraday and Huxley produced is their 
firm faith in the educability of mankind. 

Because I share that faiih I have not asked the reader to take any reasoning 
on trust. Since the reasoning used in science is often conducted with the sort 
of shorthand called algebra or illustrated by the sort of scale diagrams called 
geometry, a casual glance at isolated pages of this book might be discouraging 
to those who have been humiliated by the obstacles which early education 
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places in our path. Fortunately the engaging illustrations of my friend and 
collaborator Horrabin are likely to remove the impression that tliis is like 
anything that the reader has learned at school. Beyond thaj; let me say this. 
Anyone who has mastered the essence of the first hsU of Mathematics for the 
Million^ or has once been through a course of elementary mathematics leading 
to a school-leaving certificate, will have nothing to be afraid of. The rest will 
be told and the reader will be reminded of what may have been long since 
forgotten. 

The present edition contains many amendments of the earlier text suggested 
by readers who have kindly co-operated with the author in removing obscuri- 
ties and correcting the inevitable misprints in so long a book. My debt to 
various friends, in particular to Mr. Richard Palmer, Dr. Miller, and Mr. 
H. D. Dickinson who helped to see it through the press in its original form 
has been recorded in 4e foreword to the first edition. The kind consideration 
which the latter received from reviewers prompts me to remove one other 
popible source of misunderstanding. Science for the Citim is written for 
citizens living in a society which has scarcely begun to see how science might 
be used for the satisfaction of human needs. As such it is a product of a 
particular human environment in which a particular aspect of the manifold 
truth needs special emphasis. In an Age of Peace and Plenty it might well be 
important to lay more stress on what is sometimes called the disinterested 
pur suit of truth. I have hinted in various places, as in the introductory remarks 
of Chapter XV, that the individual attitude of the investigator is an aspect 
of scientific progress with which we must always reckon. To-day the great 
need is to emphasize how the capacities of individuals who can pursue science 
in the only way in which truly scientific knowledge can be advanced are 
continually thwarted by the lopsided encouragement of research in a society 
sifts to gigantic preparations for destroying human 
life. Time may come, and will come if this book helps to promote the outlook 
winch these pages urfold, when it wiU no longer be necessary to emphasize 
this aspect of scientific progress^ If that time comes it may be necessary to 
discourage the approach to, and to displace the method of, exposition which 
I believe to be right and necessary for my dayand generation. If so, I who have • 
not always shown charity to my predecessors, shall not be in a position to 
complain of brsh criticism in a footnote on popular science in the first half 
of the twentietli century, 

LANCELOT HOGBEN 

TORPHINS 

December, 
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PART I 


The Conquest of Time Reckoning 
and Space Measurement 


“The progress of Greek civilization was dependent essentially 
on the change of slave-labour into free, a transformation not 
supposable without the employment of natural forces, applied 
to labour-saving machines. It is evident that, with tlie inven¬ 
tion of a machine which will convert a given natural force 
(e.g. a falling weight of water) into an industrial force, per¬ 
forming the labour of twenty men, the inventor could grow 
rich and twenty slaves be set freej moreover, that the natural 
effect of the introduction of machines is an augmentation of 
the productive class, whence a greater number of mventors 
and increased production. But, in a slave-state, the appli¬ 
cation of natural forces and the substitution of machine labour 
for servile, is mainly impossible, for as, in such a state, the 
profits of the capitalist rest upon his slaves, he sees that the 
introduction of machines must imperil his resources, and 
when, as in Greece, the capitalists belong to the ruling 
class, the Government and people will combine to perpetuate 
,the existing system, i.e. slavery—the Government with the 
seemingly-wise purpose of assuring subsistence to the 
labourers. Only the freeman, not the slave, has a disposition 
and interest^to improve implements or to invent them; 
accordingly, in the devising of a complicated machine, the 
workmen employed upon it are gener^y co-inventors, The 
eccentric and the governor, most important parts of the 
steam-engine, were devised by labourers. The improvement 
of established industrial methods by slaves, themselves 
industrial machines, is opt of the question.” 
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CHAPTER I 


POLE STAR AND PYRAMID 
The Coming of the Calendar 

A MUCH abused writer of the nineteenth century said: up to the present 
philosophers have only interpreted the world, it is also necessary to change it. 
No statement more fittingly distinguishes the standpoint of humanistic 
philosophy from the scientific outlook. Science is organized workmanship, 
Its history is co-extensive with that of civilized living. It emerges so soon as 
the secret lore of the craftsman overflows the dam of oral tradition, demanding 
a perm^ent record of its own. It expands as the record becomes accessible 
to a widening personnel, gathering into itself and coordinating the fruits 
of new crafts. It languishes when the social incentive to new productive 
accomplishment is lacking, and when its custodians lose the will to share 
it with others. Its history, whiHh is the history of the constructive achieve¬ 
ments of mankind, is also the history of the democratization of positive 
knowledge. This book is written to tell the story of its growth as a record of 
human achievement, a story of the satisfaction of the common needs of 
mankind, disclosing as it unfolds new horizons of human wellbeing which 
lie before us, if we plan our new resources intelligently, 

Whether wc choose to call it pure or applied, the story of science is not 
something apart from the common life of mankind. What we call pure sdenoj 
only thrives when the contemporary social structure is capable of making 
full use of its teaching, furnishing it with new problenis for solution and 
quipping it with new instruments for solving them. Without printing there 
would have been little demand for spectacles; without spectacles neither 
telescope nor microscope; without these the finite velocity of light, the 
annual parallax of the stars, and the micro-organisms of fermentation 
processes and disease would never have been known to science. Without 
the pendulum clock and the projectile there would have been no dynamics 
nor theory of sound. Without the dynamics of the pendulum and projectile, 
no Principia. Without deep-shaft mining in the sixteenth century, when 
abundant Slave labour was no longer to hand, there would have been no 
social urge to study air pressure, ventilation, and explosion. Balloons would 
not have been invented, chemistry would have barely surpassed the level 
reached in the third millennium b.c., and the conditions for discovering the 
electric current would have been lacking. 

For this reason the chapters which follow will not adopt the customary 
division of science into separate disciplines, such as chemistry or biology, 
The topics dealt with will be grouped under six main themes; the story of 
man's conquest of time reckoning and earth measurement, of material 
substitutes, of new power resources, of disease, of hunger, and of behaviour. 
When the language of mathematics is used, no advanced knowledge will 
be assumed, and it will present no diflSculties if the reader is prepared to do 
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a little work on tlie esamples given. If difficulties arise the reader should 
not be too easily discouraged, or give up hope. If one chapter or page is 
difficult to follow, as liltely as not the next will be especiallyf easy. The most 
difficult ones come at the beginning. 

If the execution of the task is novel, there is no originality in the con¬ 
ception. The reader who is tempted to think so should reflect on the words 
with which the great German ckmist Liebig addressed the Royal Academy 
of Sciences at Munich in 1866 . Speaking of the Development of Ideas in 
Physical Science, Liebig said: 

The history of physical science teaches us that our knowledge of things 
and of natural phenomena has, for its starting point, the material and intel¬ 
lectual wants of man and is conditioned by both. , . . Man is not born 
acquainted with sensible objects and their properties and effects^ these notions 
must be gained by experience.... All these conceptions have sprung or have 
been derived from sensible marks. . . . Since natural phenomena are inter¬ 
connected like knots in a net, the investigation of particular phenomena evinces 
that they have in common certain conditions, which as remarked are active 
things. . . . Having the facts it is our subsequent business to establish 
their connexion, The facts themselves are obtained through sensual perceptions^ 
when these are imperfect, so will be the knowledge reared on them. We can 
have no general theoretical propositions except by means of induction, and 
inductions can be framed only through sensual perceptions. . . . Manifestly 
therefore the truth of explanations does not depend on the principles of logic 
alone. ... The first explanations can, manifestly, be neither definite nor 
limited, and they must change just in proportion as the facts are more dis¬ 
tinctly ascertained and as the unknown ones belonging to the conception are 
discovered and incorporated in it. The earUer explanations are therefore only 
relatively false and the latter only therein truer that the contents of the con¬ 
ceptions of things Me more comprehensive, determinate and distinct. 

The conception of time which belongs to the composite notion of velocity was 
&st developed fifteen hundred years after Aristotle. For short intervals the 
Greeks had not clocks ox time measures. . , Charlemagne’s endeavours by 
the establishment of schools to elevate the intelligence of the rude and ignorant 
priesthood of tlie age could have no result, the soil on which culture thrives 
being not yet prepared. The development of culture, i.c. the extending of man’s 
spiritual domain, depends on the growth of the inventions which condition 

the progress of civilization, for through these new facts are obtained. .. . Only 

the free man, not the slave, has a disposition and interest to improve implements 
or to invent them; accordingly, in the devising of a compHcated machine, the 
workmen^ employed upon it are generally co-inventors.... Greek civiliza¬ 
tion travefled ttoough the Roman Empire and the Arabians into every European 
country. . The members of the newly originated, intellectual class were at 
ffist occupied m gaining possession of tlie treasures of ancient learning 
The position and employment of the learned of those times concurred in with¬ 
drawing them from contact with the productive classes. Accordingly the litera¬ 
ture of tkt age gives no indication of the degree of the popular civilization and 
cd^e;_ for the Imowledge circulating through the masses and'absorbed into 
their thn^g, a knowledge originating in their improved aciquaintance with 
physicd laws, was not yet stored up in books and was wholly foreign to the 
learned. . With the extinction of the slavery of the ancient world and the 
umon of all the conditions for the evolution of the human mind, progress 
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of civilization and culture is thenceforth assured, indestructible, imperishable. 
Most of the facts from which the investigator elaborated empiric^ ideas he 
had long since i^eceived from the metallurgists, tlie engineers, the apothecaries, 
and liad resolved their inventions into conceptions wliich the producing classes 
received back ... the craftsman, tcclmician, agriculturalist, physician, as in 
Greece, ask counsel of the theorist. . . . The liistory of nations informs us of 
the fruitless efforts of political and theological powers to perpetuate slavery, 
corporeal and intellectual. Future history will describe tlie victories of freedom 
which men achieved tlirough investigation of the ground of things and of truth, 
victories won with bloodless weapons and in a struggle wherein morals and 
religion participated only as feeble allies. . . . 


THE BEGINNING OF SCIENCE 

We Start with the conquest of time and distance. That is to say, the kind 
of Itnowledge we need to keep track of the seasons and to find our where¬ 
abouts in the world we inhabit. One depends upon the other. Making a 
calendar and navigating a ship depend on the same kind of knowledge, and 
we shall not be able to keep the two issues apart. Much of the mystery which 
enshrouds contemporary discussion of Relativity will present no difficulty if 
the use of the ship’s chronometer is grasped firmly at the outset. All measure¬ 
ments of time depend on making measurements in space, and localization in 
space depends on measurements of time. 

We used to think of man as a tool-bearing animal, and to divide the pre- 
literate stage of his existence into an old stone age and a new stone age. We 
now know that the social achievements of mankind before the beginning of 
the written record include far more important things than the perfection of 
axes and arrowheads. Three discoveries into which he blundered many 
millennia before the dawn of civilization in Egypt, Sumeria, or Turkestan, are 
specially significant. With die aid of the dogs which followed him and prowled 
about his camp fires, he began to herd instead of to hunt. He learned to 
scatter millet and barley, to store grain to consume when there were no 
fruits to gather. He collected gold nuggets and bits of meteoric iron, and, it 
may be, noticed the formation of copper (see p. 360) from the green pigment 
that hie used for adornment, when it was heated in the embers. The sheep 
is an animal with seasonal fertility, and cereal crops are largely annual. In 
domesticating the sheep and learning to sow cereals, man therefore iriflH ff a 
fateful^ step. The recognition of the passage of time now became a primary 
necessity of social life. In learning to record the passage of time man learned 
to measure things. He learned to keep account of past events. Fie made 
structures on a much vaster scale than any which he employed for purely 
domestic use. The arts of writing, architecture, numbering, and in particular 
geometry, which was the offspring of star lore and shadow reckoning, were 
all by-products of man’s first organized achievement, the construction of 
the c^endar.;,Shakespeare anticipated Sir NormanXockyer when he wrote: 
“Our forefathers had no other books but the score and the tally.”* 

* Science began when man started to plan ahead for tire seasons, bemuse 

* Henry VI, Act iv—score in this context is from the Anglo-Saxon scora meanine 
notches made on the tally stick, 
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planning ahead for the seasons demanded an organized body of continuous 
observations and a permanent record of their recurrence. In an age of wireless 
transmission^ of mechanical clocks and cheap almanacs, vje take time for 
granted. Before there were any clocks or simpler devices like the hour-glass 
or the clepsydra for recording the passage of time, mankind had to depend 
on the direction of the heavenly bodies, sun by day and the stars by night. 
Already in the hunting and food ga^ering stage the human race had 
probably learned to associate changes in vegetation, the maring habits oi 
animals, and the recurrence of drought or floods, with the rising and setting 



Fig. 1 


The earliest geometrical problems arose from the need for a calendar to reaulate the 
seasond_pursuits of settled agriculture. The recurrence of the seasoS was rSmed 
bvere(^g monumms m line with the rising, setting, or transit of cdesSl Ses 
This photograph, taken at Stonehenge, shows how the position of a stone markecl 

of bright stars and star clusters immediately before sunrise or in evening 
twilight._ Men the great agrarian revolution reached its climax in the dawn 
of aty ^e, a technique of timekeeping emerged as its pivotal achievement. 

1 record the beginnings of an orderly routine of 

settled life m ciucs are Ae vast stractures which bear eloquent witness to 
me pruna^ social function of the priesthood as custodians of the calendar. 
1 he temple with its corridor and portal placed to greet the transit of its 
guar^an star or to trap a thin shaft of Hght from the rising or setting sun 
of the quarter-days; the obeHsk or shadow clock; the Pyramids facine 
equinoctial^ sunrise or sunset, the pole and the southings of the bright stars 
m the zodiac; the great stone circle of Stonehenge with its sight-lihe 
pomtmg to the rising sun of the summer solstice-all these are first and 
foremost almanacs m architecture. Nascent science and ceremonial religion 
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had a common focus of social necessity in the observatory-temple of the 
astronomer-priest. That we still divide the circle into 360 degrees, that we 


Zeruth. 



Fig. 2.—The Astronomical Orientation of the Great Pyramid 

The Pyramid of Cheops and that of Sneferu are constructed on a common geometrical 
plan. The perimeter of the four sides, which face exactly the north, soutli, east, and 
west, has the same ratio to the height as the ratio of the circumference to the radius 
of a circle, ne. x or 27 r. According to Flinders Petrie: “The squareness and level 
of the base is brilliantly true, the average error being less than a ten-thousandth of the 
side in equality, squareness, and level,*’ According to Neugebmer) the rays of Sirius 
the dogstar, whose heliacal rising announced the Egyptian New Year and the flooding 
of the sacred river which brought prosperity to the cultivators, were perpendicular 
to the south face at transit, and shone down the ventilating shaft into the royal chamber 
while buildmg was m progress. The main opening, and a second shaft leading to the 
lower chamber, conveyed the light of the Pole Star, which was then the star a in the 
constellation Draco, at its lower transit, three degrees below the true celestial pole. 

reckon fractions of a degree in minutes and seconds, remind us that men 
learned to measure angles before they had settled standards of length or 
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Fig. 6.-Thb Changing Appeahance of the Heavens 

In twenty-four hours the whole ifome of heaven, including the moon, sun, and fixed 
stats, rotates about an axis which joins the observer to the celestial pole, whose position 
i IS approximately marked by the Pole Star. With the exception of the “circumpolar” 

I stars, whlcli are too near the pole to dip under the horizon, the heavenly bodies all 

i appear to rise upwards from tlie eastern boundary and to sink below we western 

boundary of the horizon plane. In tliis motion, called the apparent diurnal motion 
‘ of the celestial sphere, the fixed stars retain the same position relative to one another, 

I so that at any place tlie time between the risings or settings of any two stars and the 

I ‘ Section in which any star is seen rising or setting are always the same. Relative to 

j ® ® ® successive 

days. They thus seem to be slipping backwards below the eastern margin of the 
horizon plane. The sim taltes 36GJ- days to retreat eastwards till it is again in the same 
position relative to a fixed star, i.e. it slips under the horizon plane eastwards through 
. approximately one degree per day. The moon takes 27J days to do so, but, as the sun 

18 shpping back, though more slowly, in the same direction it takes a little longer, 
namely, 29ij days (see p. 103), to return to the same position relative to the sun. In the 
new moon would occur about January 7th and the next new moon about 

February 6th. At last quarter the moon is 90° west of the sun, rising about midnight 

Its highest point in the heavens about 6 am., when its easterly half is 
visible. At first quarter it sets about midnight, reaching its highest point in the heavens 
(mendian transit) at about 6 p.m„ when its westerly face is illumined. 
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and from east to west above it (Fig. 4). As the noon shadow divided the day, 
the signal of midnight would be when a star duster, rising at sunset on the 
eastern horizon and setting at sunrise on tlie western horigon, was directly 
above the pole. These clusters or “constellations” received fanciful names 
redolent with the preoccupations of everyday life in an agrarian economy. 


Zidtk 



Fig. G.—Apparent Didrnal Motion of the Stars 
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Centuries liefore city life began, man had begun to fumble for a connected 
account of the regularities forced on his attention. He already knew that ’ 
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sun, moon, and stars partake of the same daily and nightly motion about 
one central point in the heavens. As tliey stand, the facts wMi which primitive 
man was famiUaii in his everyday life are capable of being looked at in two 
ways. When we are passing another train, we cannot at once tell whether 
we are at rest and the other one is in motion, or vice versa. So we cannot tell 
whether we are going east to meet the sun and rising stars, or whetlier they 
are moving west to meet us. In the train we can settle the issue by looking 
out of the opposite window. We put ourselves in the position of the man on 
the platform. Primitive man had no knowledge of what the two trains would 
look like from the platform. Having no o±er court of appeal, he inclined to 
his first impression that the sun and stars were rushing past him. 

In the priestly lore of the earliest calendar civilizations the picture pieced 
together was something lilce this. The stars, moon, and sun were all on the 
surface of a great sphere, of which we only see one half at a time. The stars 
become visible when the sun is in the celestid hemisphere below our 
horizon (Fig. 6). The celestial sphere revolves around an axis joining the 
Pole Star (Fig. 6) to some fixed spot on the earth—tlie North Pole, as we call 
it today. It completes its revolution in a day and a night, revolving in an 
anti-clockwise direction from the standpoint of a person looking upwards 
towards tlie North Pole Star. 

Although the facts are equally explicable on the alternative assumption 
that the stars are fixed and that die earth is revolving about the same sms in 
the opposite direction to the apparent revolution of the celestial sphere, the 
earlier and less sophisticated view embodied a tremendous gain. It involved 
the first step towards a world map. In counting the shadow hours and learn¬ 
ing to use the star clock, man had begun to use geometry. He had begun to 
find his local bearings in cosmic and terrestrial space. An important step 
towards an art of measurement was made when men began to trace circles on 
the sand or the soft earth around the shadow pole to mark the moment when 
the shadow was shortest. In discovering the constant direction of the noon 
shadow pointing to die pole, they fixed two planes of reference. One is die 
horizontal plane, the north and south points of which divide the observer's 
terrestrial horizon into an easterly and a westerly half. The other was bounded 
by the great semicircle or Meridian of die heavens, with its highest point, 
the zpitii, direedy overhead (Fig. 3). The axle of the heavenly clock of ste 
transit and shadow connected tie Pole Star to the earthly pole in the meridiaa 
plane. Sun, moon, and stars are highest in the heavens where' the circles 

they describe on the surface of die celestial sphere cut the meridian, 

THE MONTHLY EVENTS 

Striedy speaking in order of time, the first class of uniformities from which 
the measurement of time proceeded were in all probability the lunar 
phenomena, from which we got the grouping of days into months and weeks 
(quarter months). There are still backward peoples who have not learned 
to reckon in years of equivalent length. The recognition of the month is 
wellnigh umversal even among hunting tribes with no setded agriculture. 
Moonlight is a circumstance of enormous importance in the everyday life 
of people who have crude means of artificial ill umina tion, Even today in 
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remote parts of the country the time of full moon is chosen for a lone night 
journey. ^ 

An interval of roughly thirty days separates one full mgon or new moon 
from another. The two half moons, the first “quarter” when waxing and the 
third “quarter” when waning, complete the division of the month into 
quarters, which roughly correspond to our week. Near the sea it is noticed 
that the tides are exceptionally high when the moon is invisible through the 
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Fig, 7,—The Monihly Cycle of the Moon’s Phases 


whole mght (new moon) and when it is M. At first and third quarter (half 
moons) the high-water mark is exceptionally low. The most important 
thing (Fig. 6) connected with the changing appearance of the moon is that 
as the moon waxes and wanes it rises towards the east a little later every 
day. At first quarter (Fig. 7) it is already high in the heavens at sunset, 
settmg about midnight. The full moon rises about sunset, is at its highest 
about mdnight, _and_sets towards sunrise. At the third quarter the waning 
moon does not rise till about midnight, is seen at its highest point (“aosses 
the meridian”) about sunrise, and is visible during the morning by dayfight * 
The moon seems to partake of the general motion of the celestial sphere, 

i of the sun and moon depend partly on 


29 


Pole Star and Pyramid 

rising m the east and setting in the west. If it rises at the same time as a 
particular star cluster on a particular night in the month, the same constel- 
lauon will rise a |ittie earfier than the moon on the night following. A week 
later it would ^eady be above the pole at moonrise. Thus the moon itself 
backwards in the opposite direction to the apparent 
rotetion of the sun and fed stars, so that it gets back to where it was tore 
after a definite mtcrval of days and nights, i.e. what we call roughly a month 

the same direcuon as the earth’s axial or diurnal motion. Whichever wav we 
THE ANNUAL EVENTS 

In regulating the seasonal requirements of a pastoral and grain economy 
taatioa of & ya, was of scpr»e taportanco. ThrSS 
*>1' P“*o“ ioTOlved in setting 
rftShllfS achievement to be legaided as one 

to the history of mankind. Since the 
Egyptian pnests had already established a year of 365 days by 4241 b c we 

Sw* «f ii™ 

the b^mnmgs of the great calendar civilizations. Associated with the paasaee 

InaSm I ^ Xi 

OTdt appreciadon of the year as a natural unit of 

of d.; ™ Sr ““ 

The stats rise earlier every night. If a star is seen rising ezactly at sunset 
uZkt^ '(*.'“.»“to'«st“s™»mdintheeastatsunsetin 

It wffl teach ita highest point in the sky when the snn goes down, 
^ ““ lata. i.e. at the end of June. After six months it will 
be already setong m the west at sunset, unless it is very near the pole. If it 

nf?k rTff of CassiSpeia and 

r on.^A circumpolar star seen at midnight directly above the pole, will 
directly below the pole (“lower culmination”) at midnight sk months 

The majority of the stars are below die horizon at lower culmination. So 
^a^,d?rfT“l n part »f toa 1 ®. At midwinter, in 

mktSe^h stars forming the belt, is 

mg hours before sunrise. By March 21st (vernal equino^ h ha^rtS hs 
l^hest pomt (crosses the meridian) in die heavens at sunset, and is seen 

rSyilr^fr • 

saif P^rfbet regularity after the lapse of the 

S “loons Thus the sun’s apparent position among the 

feed stars is not constant. Since the stars rise earlier every day, the sun, 
while partakmg of the apparent diurnal rotation of the celestial sphere, also 
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seems to be slipping back a little in the opposite direction) like the moon only not 
so fast (Fig. 13). In the course of a year it slips back through a complete 
circle to its original position. A common early estimate pf the time taken 
to do so was twelve 30-day months or 360 days, hence the division of the 
great circle of the sun’s track in the heavens into the three hundred and 
sixty degrees which have persisted to our own time. From the standpoint 
of an earth-observer, the constellations cross the meridian above the pole 
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Fig. 8.—THE Egyptian Year 

This shows the risiiig of Sirius just before sunrise m July. By October it will rise 
6 hours earlier towards midnight. By January it will rise about 12 hours ealier, i.e. 
shortly after sumh and will be seen through the greater j^art of the mght, setting before 
sunrise. By April it will rise towards noon and will set in the evening. 


at midnight, when the sun occupies a position on the opposite side of the 
c^estial sphere. When the sun is on the same great semicircle joining the 
celestial poles, they, will pass over the horizon of the observer by day. 
Consequently they will not be visible to the naked eye, being screened by 
■ the bidightness of the sum (Fig.^^^9^^^ 

The number of days which elapse between the rising of a star just before 
sunrise or its setting just before sunset on two successive occasions is the 
period in which the sun gets back to its same position relative to the fixed 
stars. The Egyptian year of 365 days was based on the heliacal rising* of 
* i.e,ri8ingvriththcsuu, 
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Sinus, the brightest star in the sky. Sirius is a winter star, rising at sunset 
about the begimiing of January, Early in March it is already setting by 
midnight. After b^ing invisible throughout the night in June, Sirius reappears 
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Fig. 9.—The|Ghanging FIeavbns 

SteSSSS ^"“”8 its annual retreat below tte 

eastern noristott m toe circle called the ekpttc were mapped out bv die ancienr nriMt 
1 . 00 * mmileMpnes coirapcm^tothitwelreSS S 

stones, Hhteodtacal constellations, were groups of stars whose risine 
positions roughly corresponded to’that bfCun atTparS^ 

Ac slow rotation (precession of Ae equinoxes) of Ae liKmbeSdc 

Ae sun’s position among the fixed stars at a particular seaso™ VAe same R 

was in anaent tmiM, here shown. When Ae sim occurs EoriSoTAJfff.K L 

seen A Ae same Arection as Aries would be seen if vfficxifsm Ld 

latter, whiA is Aerefore invisible, A monA later, Sac sim is 

rises and sets wiA Ae suh and is invisible. AriS se“n 

where Ac stm rose a monA earHer. When Ae sun was in iiSf & 

o ^ ^ttuset where Ae sun would sink below tfie horizon 

a monA later, constellations corresponding to Ae sun’s position durms the 

Gei and\eo, CancVr) bSSieA 

remaining long above Ae horiaon L 
Ae'^t^mghtsW. The t^tcllations mapping but Ae sun’s position m Ae winter 
•AonAs, ffisces and Scorpio, Agiiarius and Sagittarius, Capricorn) have souchfirlv 
nskgs Md setAgs, describing iort arcs above Ae horhonyd beinTcoSS! 
during Ae short summer Aghts. (See also Figs. 138 and 166.) ® conspicuous 
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on the eastern horizon a few minutes before sunrise on a day in July. This 
happened at the time when the flooding of the Nile brought assurance 
of food and prosperity to the Middle Kingdom. The advanced state of 
astronomical knowledge in the calendar civilizations of antiquity need not 
surprise us, when we take stock of the astronomical knowledge of living 
peoples whose cultural development is in other respects very primitive, The 
following extracts from Nilsson’s* monograph Primitive Time Reckoning 
(pp. 109-143), are instructive: 

Time-indications from the phases of the climate and of Nature Me only 
approximate: they themselves, like the concrete phenomena to which they 
refer, are subject to fluctuation. . . . In general, primitive man takes no notice 
of these variations: the Banyankole, for instance, are indifferent as to whether 
the year is one or even three weeks longer or shorter, i.e. whether the rainy 
season opens so much earlier or later. The days are not counted exactly, but the 
people are content with the concrete phenomenon. More accurate poinp of 
reference are, however, especially desirable for an agricultural people, since, 
although the right time for sowing can be discerned from the phenomena and 
general conditions of the climate, yet a more exact determination of time may 
be extremely useful. The possibility of such a determination exists—and that 
at a far more primitive stage than that of the agricultural peoples—in the 
observation of the stars, and especially in the observation of tlie so-called 
“ apparent ” or, more properly, visible risings and settings of the feed stars, 
the importance of which has dready been explained. The observation of the 
morning rising and evening setting is extraordinarily widespread, but other 
positions of the stars, c.g. at a certain distance from the horizon, are also some¬ 
times observed. The Kiwai Papuans also compute the time of invisibility of a 
star. When a certain star has sunk below the western horizon they wait for some 
nights during wliich the star is “inside”; then it has “made a leap,” and shows 
itself in the east in tlie morning before sunrise. . . . Stellar science and 
mythology are therefore widespread among the primitive and extremely 
primitive peoples, and attain a considerable development among certain bar¬ 
baric peoples. Although this must be conceded, some people are apt to think 
that the determination of time from the stars belongs to a much more advanced 
stage: it is frequently regarded as a very learned and very late mode of time¬ 
reckoning. Modern man is almost entirely without knowledge of the stars; for 
him they are the ornaments of the night-sky, which at most call forth a vague 
emotion or arc objects of a science which is considered to be very difllcult 
and highly specialized, and is left to the experts. It is true that the accurate 
determination of the risings and settings of the stars does demand scientific 
work, but not so the observation of the visible risings and settings. Primitive 
man rises and goes to bed with the sun. When he gets up at dawn and steps 
out of his hut, he directs his gaze to the brightening east, and notices the stars 
that are shining just there and are soon to vanish before the light of the sun. 
In the same way he observes at evening before he goeS to rest what stars appear 
in the west at dusk and soon afterwards set there. Experience teaches him that 
these stars vary throughout the year, and that tW^ variation keeps pace with 
the pliases of Nature, or, more concretely expressed, he learns that the risings 
and settings of certain stars coincide with certain natural phenomena. . . . 
Just as the advance of the day is discerned from the position of the sun, so 
the advance of the year is recognized by the position of certain stars at sunrise 
^ * Acta SoCi Hman. Litt, LimdendSf 1920, 
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and sunset, Stars Md smi alike are tlie indicators of tlie dial of die heavens. 
A determination of diis idnd, however, is not so accurate as diat from heliacal 
risings and'Settings. Hence die latter pass almost exclusively or at least pre- 
eminendy mider c(5asideration wherever, as in Greece, a calendar of die natural 
year is based upon the stars: sometimes, however, die upper culmination is 
given, . . . In^ order to determine die time of certain important natural 
phenomena it is tiierefore sufheient to know and observe a few stars or con¬ 
stellations with accuracy and certainty. The Pleiades are die most important. 
It has been asked why diis particular constellation, consisting as it does of 
compMatively small :md unimportant stars, should have played so great a part, 
and the answer is chiefly that its appearance coincides (though this is true of 
other stMS also) witli important phases of the vegetation. ... An account of 
tlie BusMien shows how extremely primitive peoples may also observe die 
rismgs of die stars, may connect them with the seasons, and—which is indeed 
somewhat rare—may even worship them. . , . Canopus and Sirius appear 
m Winter, hence die cold is connected witii diem_The Hottentots con¬ 

nect the Pleiades witii winter. These stars become visible in die middle of 
June, that is, in the first half of the cold season, and arc therefore called “Rime- 
stars, smee at die time of their becoming visible the nights may be already 
so cold that diere is hoar-frost in die early morning. The appearance of the 
eiades also gives to the Bushmen of the Auob district the signal for departure 
to me tsama field. ... A tribe of Western Victoria connected certain con¬ 
stellations with die seasons. . . . The winter stars are Arcturus—who is held 
m great respect since he has taught the natives to find the pupae of die wood- 
ants, which are an important article of food in August and September—and 
Vega, who has taught them to find the eggs of the mallee-hen, which arc also 
an important article of food in October. The natives also know and tell stories 
of many other stars. Anotlier authority states diat tliey can tell from the position 
or Arcturus or Vega above die horizon in August and October respectively 
when it is time to collect tiicse pupae and tiiese eggs, ,, . For example, when 
Canopus at dawn is only a very little way above the eastern horizon, it is time 
to collect eggs; when die Pleiades are visible in the east a litde before sunrise, 
the time has come to visit friends and neighbouring tribes. The Chukchee form 
out of die stars Altair and Tarared in Aquila a constellation named pchitthu 
which is believed to be a forefather of die tribe who, after deadi, ascended into 
heaven. Smee tbs constellation begins to appear above the horizon at die time 
ot the wmter solstice, it is said to usher in the light of the new year, and most 
famihes belonging to^die tribes living by the sea bring their sacrifices at its 
first appewmg. ,.. The South American Indians have much greater know¬ 
ledge of the stars, and in consequence frequently connect stellar phenomena, 
espea^y diose of die Pleiades, with phases of Nature. In north-west Brazil 
the Indians deternme the time of planting from the position of certain con- 
stellationsj in particular the Pleiades. If tiiese have disappeared below the 
horiMn, the regular heavy rains will begin. The Siusi gave an accurate account 
of the progress of tlic constellations, by which diey calculated the seasons, and in 
explanauon drew three diagrams in the sand. No. 1 had three constellations 
a Second Crab,” wWch obviously consists of the tiiree bright stars west of 
L«>, Cttb.” ®mpoKd of the princip.1 .tar, of Leo. md ‘4Vy«to? 
i,e. the Pleiades. When these set, continuous rain falls, the river begins to 
use, beginning of the rainy season, planting of manioc. No. 2 had two con- 
st^ations:— the Fishing Basket,” in Orion, and kakudmiat die northern 
part or Endanus, in wbch other tribes sec a dancing implement. When these 
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set, much rain falls, the water in the river is at its liighest. No.^ li was “the 
Great Serpent,” i.e. Scorpio, When this sets there is little or no rain, the water 
• is at its lowest. The natives of Brazil are acquainted with tlie course of tire con¬ 
stellations, with their height and the period and time of t!ieir appearance in, 
and disappearance from the sky, and according to tliem divide up tlreir seasons. 
... In Africa also the observation of the stars, and above all the Pleiades, is 
widespread. In view of the dissemination of this knowledge all over the world 
it is making a quite unnecessary exception to state that it came into Africa 
from Egypt. Moreover, this assertion does not correspond with the facts, since 
among the Egyptians Sirius, and not the Pleiades, occupied tlie chief place. 

, . . The Melanesians of Banks Island and the northern New Hebrides are 
also acquainted with the Pleiades as a sign of the approach of the yam-harvest. 
The inhabitants of New Britain (Bismarck Archipelago) are guided in ascer¬ 
taining the time of planting by the position of certain stars. The Moanu of the 
Admiralty Islands use the stars as a guide both on land and at sea, and recognize 
the season of the monsoons by them. When the Pleiades {tjasd} appear at 
nightfall on the horizon, this is the signal for the north-west wind to begin. 
But when the Thomback (Scorpio) and the Shark (Altair) emerge as twilight 
begins, this shows that the soutli-east wind is at hand. When the “Fishers’ 
Canoe” (Orion, three fishermen in a canoe) disappears from the horizon at 
evening, the south-east wind sets in strongly: so also when the constellation 
is visible at morning on the horizon. When it comes up at evening, the rainy 
season and the north-west wind are not far off. When “die Bird” (Ganis major) 
is in such a position that one wing points to ±e north but die otlier is sdll 
invisible, tlie time has come in which the turties lay eggs, and many natives 
then go to the Los-Reys group in order to collect them. The Crown is called 
the “Mosquito-Star,” since the mosquitoes swarm into the houses when this 
constellation sets. The two largest stars of the circle are ailed pitui and papaii 
when this constellation becomes visible in the early morning, the time is 
favourable for catching the fish papai. The natives of the Bougainville Straits 
are acquainted with certain stars, especially the Pleiades: the rismg of tliis 
constellation is a sign that the kai-nut is ripe: a ceremony takes place at this 
season. On Treasury Island a grand festival is held towards the end of October, 
in order—so far as could be ascertained—to celebrate the apjjroaching appear¬ 
ance of the Pleiades above the eastern horizon after sunset. In Ugi, where of all 
the stars the Pleiades alone have a Ujame, the times for planting and taking up 
yams are determined by this constellation. In Lambutjo the year is reckoned 
according 10 the position of tile Pleiades. ... When the stars indicate this or 
that event, the primitive mind, as so often happens, is unable to distinguish 
between accompanying phenomena and causal connexionj it follows that the 
stars are regarded as authors of the events accompanying their appearance, when 
these take place without the interference of man. So in ancient Greece the ex¬ 
pressions (a certain star) “indicates” or “makes” certain weather were not kept 
apart, and the stars were regarded as causes of the atmospheric phenomena. 
A similar process of reasoning is not seldom found among primitive peoples, 
and a few instances have already been given, such as the warning-incantation 
of the Bushmen against Canopus and Sirius, the name given to the Pleiades 
among the Bakongo (“the Caretakers-who-guard-the-rain”), and the belief: 
that the rain comes from them, the myth of the Euahlayi tribe tliat the 
Pleiades let ice fall down on to the earth in winter and cause thunderstorms, in 
other Words send the rain, and the belief of the Marshall Islanders that the 
various jpositibhs of certain stars cause storms or good winds. 
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These extracts illustrate how familiar facts in the lives of food-gathering 
and primitive agrarian communities prepare the way for a fixed calendar 
and the emergency of a temple culture. The separation of a caste entrusted 
with the social responsibility of regulating the seasonal pursuits of a settled 
agrarian economy marks the beginning of written history. Only at this 
point does the need for a permanent record of events and measurements 
emerge. Here, also, we see history repeating itself-or if you prefer it- 
histoty at a st^dstill in backward culiures of the present day. Speaking of 
t e time-keeping function of the priesthood in contemporary societies, 
Nilsson says (pp. 347-354): 

V ® determination of time is adjusted by tlie phases of Nature 
wmch inmedmtely become obvious to everyone, anybody can judge of them, 
and should different people judge differently there is no standard by which the 
ispute can be settled, because the natural phases ran into one another or are 
at least not sharply defined. The accuracy in determination demanded by 
me-reckonmg proper is tlierefore lacking. Accuracy becomes possible as a 
estfit of tlie observation of the risings of stars, and tliis observation begins even 
at the primitive stage, but it is not a matter that concerns everyone. It requires 
a refined power of obsemtiou and a dear knowledge of tlie stars, so that the 
heavens can be Imown. Tliis is especially tlic case with the commonest observa- 

oKu 1 4 TJjc observer must be 

mil question 

rZ i “ ^’oment in the twilight before it vanishes, 

m acairacy of the time-determmation from tlie stars depends therefore upon 
observation. In tins the incUvidual differences of men soon 
come into P^ay, along with a replar science which introduces the learner to 
Ae toowledge of the stars and its uses. Thus Stanbridge reports of tlie natives 

hlvI Sr^t- ^ave traditions about the stars, but certain families 
mve the reputation of having the most accurate knowledge; one family of the 
Itself upon possessing a wider knowledge of the stL than 

Sikmd 'll f of ihe stars both occupations and seasons are 
repilated, md Aus a standard is furnished by which to judge, and a limit is 
set to rile mdefmiteness of die phases of Nature. . . . Ihc mooTstS tlJ^ 

a\ 5 immediate and unpractised observation^ 

at the raost tliere may sometimes be some doubt for a day as to the observa- 

“^^tight. But because the montlis 
are fixed m their position in tlie natural year tkougli association wldi tlic 
seasons, the mdefimteness and fluctuation of the phases of Nature penetrate 
into the raontiis also, and are there even increased, for rile reasoM stated 

Sot k is SorH *;^t Pawnee md 

It 18 often hotly disputed which montli it really is, So also the Caffres 

^en become confused and do not know what month it isj the rising of the 

ted s deddes the question. The Basuto in determining the time of sowfog 

Sis? rhlf/ f but fall back upon die phases of Naturl 

Sr however, know how to correct die calendiJ by the suimeJ 
foteUipnee already make themselves fdt at an 

to of the calendar. Some of the Bontoo Igorot state that the year has ciaht 
^ a hmjdid moath., but among the old men who repretm thfCttm 
,of tlie people there ate eome who know and assert that it has tbineen. The 
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further the calendar develops) the less does it become a common possession. 
Among the Indians) for example, there are special persons who keep and 
interpret year-lists illustrated with picture-writings, e.g. the calendrically 
gifted Anko, who even drew up a list of months. It is very Significant that even 
where a complete calendar does exist, it will be found that this is not in use 
to its fullest extent among the people.... It follows that the observation 
of the calendar is a special occupation which is placed in the hands of specially 
experienced and gifted men. Among the Caffres we read of special "astrologers.” 
Among the Kenya of Borneo the determination of the time for sowing is so 





Fig. 10 

This figure shows how the sunVapparent track in the heavens varies with the seasons. 
The noon shadow is shortest, i.e. the noon sun is highest, on June 21st, The noon 
shadow is longest, i.e. the noon sun is at its lowest, on December 21st. At the 
equinoxes,^ midway between, the sun rises due east and sets due west. Owing to 
distortion in a flat figme the winter noon shadow is longer than it should be. Sunset 
shadow, Jime 2lst, points to where the sun rises, December 21st, and vice versa. 

important that in every village the task is entrusted to a man whose sole occupa¬ 
tion it is to observe the sips. He need not cultivate rice himself, for he will 
receive Ws supplies from the other inhabitants of the village. His separate 
position is in part due to the fact that the determination of the season is efiected 
by observing the height of the sun, for which special instruments are required. 
The process is a Secret, and his advice is always followed. It is only natural that 
this individual should keep secret the traditional lore upon which his position 
depends; and thus the development of the calendar puts a stiU wider gap 
between the business of the calendar-maker and the common people. Behind the 
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calendar stand in particular the priests. But they are the most intelligent and 
learned men of the tribe, and moreover the calendar is peculiarly their affair 
if the developineni; has proceeded so far tliat value is attached to the calendar 
for the selection of the proper days for the religious observances. Among tlie 
priests there is formed a special class whose duty it is to make observations and 
keep the calendar in order. Among the Hawaiians “astronomers {kilo-hoku) 



Fig. II.-Fixing the Meridian in Ancient Times 

The method of equal altitudes was used to get tlie direction of the nortli point exactly. 
The points at which this shadow just touched a circle traced on tlie sand around the 
shadow clock shortly before and after noon were noted, and the arc was bisected. 

and priests” are mentioned; they handed down their knowledge from father to 
son; but women, Hkmhmi are also found among them. Elsewhere the nobles 
appear alongside of the priests; thus in Tahiti it is the nobles who are respon¬ 
sible for the calendar, in New Zealand the priests. In the latter country there 
is said to have been a regular school, which was visited by priests and chiefs 
of highest rank. Every year the assembly determined the days on which the 
corn must be sown and reaped, and thus its members compared their views 
upon the heavenly bodies, Each course lasted from three to five months. 
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Wherever we M a calendar priesthood in existence among contemporary 
peoples in a badward state of culmrej or in ancient civilizations as far removed 
as the Megalithic of Stonehenge and the Maya temples of Guatemala, 
knowledge of a second group of phenomena based on the sun’s behaviour 
grows side by side with and tends to displace the reckoning of the year by 
the rising and setting of stars. The sun’s noon shadow waxes and wanes. 
In using the noon shadow as a time marker, man learned to distinguish four 
days which have a characteristic relation to. the seasonal changes of wind, 



Fig, 12.—Fixing the Day of the Equinoctial Festival 


Some early calen^ical monuments suggest that the equinox was fixed by obser- 
vauons on tlie nsmg or setting sun of the solstices (December 21st and June 21st), 
when the sun rises and sets at its most extreme positions towards the south and north 
respeimyely, In the figure, A and B are two poles placed in alignment with the setting 
sun of the wmter solsuce. The distance between A and C in line with the setting sun 
of me summer solsuce is the same as the distance between A and B. Midway on 
Its ]oumey between the two extremes the sun rises and sets due east and west, and 
me lengms of day and night are equal. Hence these two days (March 21st and Sep¬ 
tember 23rd) are called the equinoxes. In ancient ritual they were days of great 
™gleBAC * ' horizon can be obtained by bisecting the 

rainfall, and warmth. The length of the day is longest when the noon shadow 
is shortest and the sun travels round the heavens perceptibly nearer the 
northern half of the horizon on the summer solstice (June 21st in out 
calendar) (Fig.^ 10), The length of the day is appreciably shortest when the 
noon shadow is longest and the sun rises and sets f^est towards the 
southern limit of the horizon on the winter solstice (December 21st). Midway 
between these two dates are two days on which the hands of the shadow 

clockdescribeasemicircle. On these two days, the vernal equiiiox(March21st) 

and the autumnal equinox (September 23rd), day and night are of equal 
length, i he sun rises exactly halfway between the north and south points 
or the horizon on the cast side and sets exactly halftvay between the north 
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and south points of the horizon on the west side. Due east is tire position 
of the rising sun on the equinoxes. Due west is the position of tire setting 
sun on the same days. The surface bounded by the track of the equinoctial 
sun from the east and west points of the horizon gave the priestly custodians 
of the calendar a third plane of reference at right angles to the earth’s axis 
(see Figs. 3,6, and 9). It is called the celestial equator or equmciial. 

One of the earliest problems in the practical geometry of a calendar 
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Fig. IB.—The Sun’s (apparent) Annuai, Retreat through the 
Zodiacal CONSTEUATiONs 

(The Soutli Pole of the earth is nearest to you in the figure.) 


priesthood arose in watching for the return of the equinoxes. One way in 
which Ae priests of antiquity fixed the exact direction of the meridian is 
shown in Fig. U. With a sufficiently long piece of cord fairly high accuracy 
can be secured, Laying off the east and west points of the horizon to record 
the equinoxes w probably done in a similar way, two poles or stones being 
erected in line with the rising or setting sun of the summer solstice, and a 
third equidistant from one of them in line with it and the rising or setting 
sup of the winter solstice (Fig, 12). The sun of tiie equinoxes would rise 
and set along the line bisecting the angle between the sun’s positions on the 
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solstices. The Egyptians already recognized that this could also be done by 
making a line at right angles to Ae meridian. The division of the daily shadow 
path into hour angles was a later device probably of Babyionian origin, and 
betrays the early connexion between the art of space measurement and the 
social necessity of recording the passage of time. The division of the equinoc¬ 
tial half-circle into twelve divisions is not surprising. Of all integral sub¬ 
multiples of 360® the angle 16° is the smallest whole number which we can 



Fig. 14 


Noon on the solstices at lat. 46° N. On June 21st the sun is highest in the heavens 
i.e. nearest the zenith. Its zenith distance (Zj) is least. On December 21st the sun is 
lowest m the heavens—furthest from the zenith. Its zenith distance (Z,) is greatest, 
T^he angle E is the angle which the sun’s apparent annual track (ecliptic) m^es with 
me eqrator (equino^) of the celestial sphere. On March 21st and September 23rd 
day and mght^are of equ^ length, and the sun appears to lie on the celestial equator 
at noon. Note its zenith distance is then practically equivalent to the observer’s latitude. 
(Compare Figs. 16 ad 26.) 

easily make by elementary methods of construction. By knotting cords at 
equal lengths we can peg out an equilateral triangle. Successive bisection of 
the angles of the equilateral triangle then gives 30® and 16®. 

The phenomena of the rising and setting of stars show that the sun 
changes its position relative to the fixed stars, as if retreating eastwardi 
through a complete circle in the celestial sphere. To account for the phangitig 
height of the noonday sun and the duration of the days and nights through-. 
out the year, a second conception took shape. The sun appears to slip 
back through a track, the ecliptic, which is placed obliquely with refer¬ 
ence to the polar axis (Figs. 9,14). By about 3,000 b.c. we have ample 
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evidence tliat the priests of Egypt had constructed simple instruments for 
measuring the angular direction of the stars, and were accustomed to watch 
for the moment when a star crosses the meridian, i.e. the great semicircle 
which cuts the north horizon, the Pole Star, the zenith vertically above the 
observer, and the south horizon. By noting the direction of the sun from 
the south horizon when it crosses the meridian at noon, they were able to 
identify the sun’s annual track tlirough a belt of twelve star clusters, called 
the Zodiac, corresponding to the twelve 30-day months of the Babylonian 

Vole 





Fig. If) 


If the stars arc munensely distant the sun’s apparent track through the ecliptic is 

“oves annually round the sun 
wim Its North Pole always pomtmg towards tlte celestial pole and tlie plane of its 

^^tter^^ompSe Fig'°l^r equator in an orbit which is oblique to 

year (Fig. 13). The star clusters of the Zodiac are not systems of bodies 
vdth any known relation among themselves. They are simply signposts of 
me seasons. The times of rising and setting of a zodiacal constellation and 
its height above the southern horizon when it crosses the meridian correspond 
fairly closely with the times of sunrise and of sunset and with the height of 
the noon sun six months earlier or later (see Fig. 9). The names of the Zodiac 
Btar clusters are: ^ies, Taurus, Gemini, Cancer, Teo, Virgo, Libra, Scorpio, 
Sagittarius, Capricomus, Aquarius, Pisces. 

That two of these names are familiar to all of us draws attention to the 
far-reaching importance of the hypothesis which gradually developed from 

' B* " ' 
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this founaation. It is true that all the facts are equally intelligible on another | 

view, if we bear in mind what we now know about the immense distance j 

of the fixed stars. The sun’s apparent track through |he ecliptic is also | 

explicable if we assume that our train is moving and the sun’s engine is at ; 

rest. All that we can see is compatible with the more sophisticated, and for j 

the present purpose less straightforward, hypothesis that the earth pursues | 

a slanting annual track arotmd the sun with its polar axis always at the same | 

angle to the ecliptic plane (Fig. 15). On either view we have made a very I 

big advance in our knowledge of the earth through widening our knowledge 1 

of the heavens. We shall see this better when we have taken into account ' 

another class of events which clarified the recognition that our earth itself 
is a spherical body. 

With regard to the formative influence which the calendar exerted in the 
early stages of civilization, the important point to grasp is that the determin¬ 
ation of the year as the interval between successive summer or winter 
solstices or alternate equinoxes demands attention to measurement. Thus 
Nilsson, speaking of contemporary communities, says (pp. 311-318): 

An observation of the annual course of the sun, therefore, unlike ihat of 
the stars—which everywhere, no matter where, can be performed imme¬ 
diately—demands a fixed place and special aids to determination. It follows 
that the observation of the solstices and equinoxes belongs to a much higher 

stage of civiiizatioa than does that of the stars-It is used by the Eskimos, 

who have a very liighly developed sense of place, and know how. to make good 
maps. Moreover, where the sun in winter stands very low on the horizon, and 
for a time altogether disappears beneath it, the conditions are very favourable 
for the observation of its return. Older authors say that by the rays of the sun 
on the rocks the Eskimos can tell with tolerable accuracy when it is the shortest 
dayj more recently we have been told of the Ammasalik that they can calculate 
beforehand the time of the shortest day—and that accurately ^ the day—not 
only from the solstitial point, but also from the position of Altair in the morning 
twilight. They begin their spring when the sun rises at the same spot as Altair. 

... The Incas erected artificial marks. There were,in Cuzco sixteen towers, 
eight to the west and eight to tlie east, arranged in groups of four. The two 
middle ones were smaller than the others, and the distance between the towers 
was eight, ten or twenty feet. The space between the little towers through 
which the sun passed at sunrise and sunset was the point of the solstices. In 
order to verify this the Inca chose a favourable spot from which he observed 
carefully whether the sun rose and set between the little towers to east and 
west. For the observation of the equinoxes richly ornamented pillars were set 
up in the open space before the temple of the sun. When the time approached, 
the shadow of the piUars was carefully observed. The open space was circular, 
and a line was drawn through its centre from east to west. Long experience had 
taught them where to look for the equinoctial point, and by the distance of the 
shadow from lids point they judged of die approach of the equinox. When 
from sunrise to sunset the skdow was to be seen on both sides of ihe pillar and 
not at all to the ’south of it, they took that day as the day of the equinox. This 
last account is for Quito, which lies just under the equator, At the spring 
equinox the maize was reaped and a feast was celebrated, at the autumn equinox 
the people celebrated One of their principal feasts. The months were cdculatcd 
*]a'Oft the winter solstice. ,, . One would suspect that this Melanesian science, 
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like the knowledge of the stars, is borrowed from the Polpesians: for the latter 
understood the annual course of the sun. In Tahiti tlie place of the sunrise was 
called tataheita) that of the sunset topa-t-era. The annual movement of the 
sun from the soutlwtowards the north was recognized, and so was the fact that 
all these points of the daily approach to the zenith lay in a line. This meridian 
was called eera-huattea^ the nortliern point of it tu-'&trau, and the opposite 
point above the horizon, or the south, toa. According to other sources the 
December solstice was called rua-maoro or rua-roa^ the June solstice ma-poto. 
The Hawaiians called the northern limit of the sira in the ecliptic "the black, 
shining road of Kane,” and the southern limit “the black, sbiniu g road of 
Kanaloa.” The equator was named "the bright road of the spider” or “the 
road to the navel of Wakea,” equivalent to "tlie centre of tlie world.” How 
the Polpesians came to recog^e the tropics and the equator is unfortunately 
unknown, but certainly they did it like other peoples by observing the solstices 
and equinoxes at certain landmarks, . , . Agricultural peoples in particular 
have developed various methods of this kind. The rice-cultivating peoples of 
the East Indies use various metliods in order to determine the important 
time of sowing. Of the observation of the stars we have already spoken. Among 
the Kayen of Sarawak an old priest determines the official time of sowing from 
the position of the sun by erecting at the side of the house two oblong stones, 
one larger and one smaller, and then observing the moment when the sun, in 
the lengthening of the line of connexion between these two stones, sets behind 
the opposite hill. The sowing-day is the only one determined by astronomical 
metliods. In other respects ffie time-reckoning is a more or less arbitrary one, 
and is dependent on the agriculture. Of the hollows in a block of stone at Batu 
Sala, in the river-bed of the upper Mahakam, it is said that they originated in 
the fact that the priestesses of the neighbouring tribes used formerly to sit 
on the stone every year in order to observe when the sun would set behind a 
certain peak of the opposite mountain. This date then decided the time for the 

beginning of the sowing-The Kenyah observe the position of the sun. 

Their instrument is a straight cylindrical pole of hardwood, fixed vertically 
in the ground and carefully adjusted with the aid of plumb-lines; the possi¬ 
bility of its sinking deeper into the earth is prevented. The pole is a little 
longer than the outstretched arms of its maker and stands on a cleared space 
^ by the house, surrounded by a strong fence, The observer has further a fiat 
stick on wliich lengths measured from his body are marked off by notches. 
The other side has a larger number of notches, of which one marks the greatest 
length of the midday sliadow, the next one its length three days after it has 
begun to shorten, and so on. The shadow is measured every midday. As it 
grows shorter after reaching its maximal length the man observes it with special 
care, and announces to the village that the time for preparing the land is near 
at hand, In Bali ^d Java die seasons are determined by the aid of a gnomon 
of rude construedon, having a dial divided into twelve parts. 

THE LOCAL EVENTS 

In the priesdy calendar lore, magic and genuine science were inextricably 
entangled. The social necessity of measuring time arises from the seasonal 
fertility of man’s biological allies, and the earliest explanations of the celestial 
events were frequently mixed up with man’s preoccupation concerning his 
own fertility. What are sometimes offered as rival explanations of early 
practices are really different ways of saying the same thing. The phallic 
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tension of waking and the monthly cycle of a woman’s life were closely 
associated widi sunrise and lunar phenomena in the thought of primitive 
man. To say that an obelisk is a sundial, and to say that it is a phallic symbol 
involves no contradiction. Fertility and timekeeping were%ery closely con¬ 
nected in the same social context. Man had to be disciplined into the recog¬ 
nition that his own world is not the centre of the astronomical universe. He 
had to outgrow the belief that his own person is a sulBcient model of natural 
processes in chemistry and biology. In psychology and social science he has 




Fig. 16 

Diagram to illustrate the slow retrograde motion of tlie moon’s nodes. Two positions 
of the moon’s orbit are shown, AB and CD, the latter position occurring about 4 or 5 
years after the former. Eclipses take place when, as at node C (solar) or D (lunar), the 
place where the moon’s orbit crosses the plane of the earth’s orbit is in line with the 
earth and the sunj provided, of course, that the moon is also at the node. (The tilt of 
the moon’s orbit in relation to the ecliptic is here much exaggerated.) 

Still to learn that individual preference is not a safe guide to the understanding 
of social behaviour, 

As liaison officers to the celestial beings, the priests found it paid to en¬ 
courage the belief that nature can be bought off with bribes like a big chief. 
One of their most powerful weapons was their ability to forecast eclipses 
(Figs. 17 and 18), Eclipses were indisputable signs of divine 'disapproval, 
and divine disapproval provided a cogent justification for raising the divine 
income tax. No practical utility other than the advancement of the priestly 
prestige and the wealth of the priesthood can account for the astonishingly 
painstaking attention paid to these phenomena. The moon’s track lies very 
dose to the ecliptic, if it moved exactly in the plane of the ecliptic, there 
would be a central eclipse of the sun every new moon, and a total eclipse of the 
moon every month, at the full. Careful measurement shows that its orbit is 
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Total eclipse showing the sun’s atmosphere just seen beyond tlie margin of the nnH-j. 
disc (i.e. the sun’s angular diameter is approximately tlae same as tliat of the nii-i i. 



' Fig, 18 

Eclipses. A. total solar eclipse, C, total lunar eclipse, B. earth’s shadow secs* 
moon is at beginning of a lunar eclipse. 
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inclined about 5“ to the ecliptic (i.e. to the plane of the earth’s orbit, as we 
now say). So the moon’s path round the earth only cuts die earth’s path 
round the sun (or the sun’s apparent track round the ehl'th) at two points 
called nodes (see p. 103), and an eclipse can only take place if the moon is at, 
or very near to, a node when the two nodes are in line with the sun and the 
earth. Relative to the fixed stars, the direction of the line which joins the 
nodes rotates slowly. The sun passes a particular node every 346-62 days. 
This is less than a year because the nodes are moving from east to west, 
and meet the sun before it completes its yearly circuit. So if earth, moon, 
nodes, and sun are in line at any time, they will be in line once more about 
eighteen years* later. More precisely this period is 18 years Hi days. If 
an eclipse occurs on a particular date somewhere on the earth’s surface, 
another one will occur 18 years 11| days later at a place about 120° W. on 
account of the odd third of a day. This cycle is still called the Saros, which 
is tlie name given to it by the Chaldean priests. It did not help people 
to arrange their meal-times and night journeys, to prepare for the lambing 
season, or to sow their crops. For the art of time reckoning the vSaros had 
no particular use. Its discovery was prompted by a combination of super¬ 
stition and racketeering. Once made, it served to direct attention to two 
of the basic principles of scientific geography. Observation of eclipses in 
different places showed that solar time is lock (see p. 78); and coMirmed 
the belief that the earth is a spherical object (Fig. 18, b). The fact that 
lunar eclipses occur when the moon is practickly in the ecliptic plane 
shows that the circular edge of the shadow on its face is the shadow of 
the earth itseE 

As soon as trade intercourse began, many other facts helped the growth 
of this belief. When ships appeared in the Mediterranean, maritime people 
became accustomed to Eie sight of the mast sin kin g last below the horizon, 
or the mountain rising first as land was sighted (Fig. 19). Little later than 
2000 B.c. Semitic traders were pushing north beyond the Mediterranean 
towards the Tin Isles, bringing back tales of the long summer days and the 
long wmter nights of the northern regions. They told, too, how the aspect 
of the night sky changed. Stars low on the northern horizon became higher 
in the heavens as ships sailed into the northern seas. A fact most fatal to a 
flat earA view was that southern constellations disappeared entirely (Fig. 20) 
from view. To be sure, the belief that the earth is truly spherical (or nearly 
so) could only be settled by showing that a degree of latitude is the same 
distance if measured anywhere along any meridian of longitude, and a 
degree of longitude in the same latitude is always of tlie same length. We 
shall come to that later. Here it suffices to remark that the belief in the 
sphericity of the earth is of very great antiquity, and tliat there were a number 
of good reasons to support it 

* 19 revolutions oftheline ofnodes relative to the sun take 346-as x 19 = 6686*78 
days. 223 lunar months = 6685*32 days. So tliat after 18 years llj days the line of 
node wm have performed 19 revolutions relative to the sun and the moon will have 
periormed 223 revolutions almost exactly. Hence the sun and the moon will occupy 
me same posiuon relauve to the nodes at the end of this period as at the beginning. 
How the position of the moon’s node in any particular month is found is explained 

onp. 103, 1 he rate of rotation is found by repeated observations of the same kind. 
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FIRST STEPS TOWARDS A WORLD MAP 

The construction of the calendar taught manldnd many lessons which 
were only fully assimilated when maritime trade developed. The phenomena 
on which we base the measurement of our fundamental units of time can 
only be explained if the spherical earth has a very definite orientation with 
respect to the celestial sphere. To begin with, we have already drawn the 
conclusion that there is one spot—the North Pole—which lies directly 
below the celestial pole or Pole Star. The plane of the ecliptic must cross 
the world at upper and lower limits defined by two belts where the sun will 
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Fig. 19.™The Tangent of the Horizon Line 


be at its zenith (i.e, exactly overhead) on the summer and winter solstices 
respectively (Fig. 14). These are the tropics. Witliin the tropical belt the 
direction of the sun’s noon shadow will change twice in the course of the 
year, a fact which could be observed in the southernmost parts of Egypt. At 
the equinoxes the sun occupies the apparent position where the ecliptic cuts 
the celestial plane at right angles to the aids of the celestial sphere. This 
plane, the celestial equator, cuts the earth at a belt, where day and night are 
always .equal and the sun is at its zenith on the equinoxes. Finally, the axis 
at right angles to the ecliptic through the earth’s centre must trace out a belt 
north of which the sun never sets at midsummer. Men were beginning to 
grasp these truths firmly long before they had first-hand experience of 
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them. In the fourth century b.c, the Greek materialist Bion taught the doctrine 
of the midnight sun in the Arctic Circle, which no ships had yet penetrated. 

The accuracy with which the Egyptian priests determined tlie length of 
the year, as well as the orientation of their temple sites, bear wimess to 
something more than the recognition of an orderly sequence of events in the 
day and night sky. At an early date they had already begun to recognize certain 
metrical uniformities. Simple devices for measuring the angular bearings 
of a star are dated as early as 3000 b.c. The local bearings of a heavenly body 



The Sip is over the equator and the time of the year is supposed to be the autumn 
eqimox. At latitude 30° star A will be visible throughout the night in autumn and 
invisible at midnight in spring. At latitude 60° it will be seen crossing the TnoHHj qT i 
above the pole just south of the zenith at midnight in autumn, and will be visible 
throi^hout the spring night below the pole, making its lower culmination at mid- 
night'on the spring equinox. Star B will be visible at latitude 30° throughout part of 

at any hour can be fixed by two angles. One is its altiiude (angular height 
above the horizon), or its complement called the miih distance {Egs. 3,21, 
and 114). The other bearing is its angular distance east or west of a fixed 
point on the horizon. Measured from the north point eastwards it is called 
the azimuth. For measuring altitude (or Z.D.) and azimuth a simple 
instrument essentially like the sort of astrolabes ot quadrants used in'ancient 
times can easily be made from a large protractor for blackboard use, as in 
Figs. 22 and 116. 

In taking the bearings of the stars in the night sky the two important 
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principles which underlie the system of earth measurement by latitude and 
longitude were established long before the first star maps, described in tlie 
next chapter, wire constructed. The first of these is implicit in the primitive 
art of telling the time by the stars. At a very early date the priestly custodians 
of the calendar were familiar with the use of simple mechanical devices for 
measuring short intervals of time. In principle they were analogous to the 
sand-glass which used to be sold to time the boiling of an egg. They could 
record the moment when some star crossed the meridian (i.e. when its 



azimuth^is 0° or 180®) and the interval which elapsed before another star 
crossed it by measuring the outflow of sand or water from a vessel. Hence 
they knew that the interval is constant for any twO: stars chosen. 

The stars appear to revolve uniformly aroqnd the pole, and their relative 
positions can be represented on semicircles radiating from the latter (see 
Fig.i 48). The time which has elapsed since a star crossed the meridian can be 
I measured by the angle through which its own celestial semicircle has rotated 

:: Since the whole dome of heaven appears to rotate through 360° in 24 hours, 

I an angle of 16°, i.e. 360° -f* 24, between the celestial semicircles on which two 
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stars Ke is equivalent to a difference of an hour in their times of transit over 
the meridian, In the accompanying figure (Fig. 23) the star a in Cassiopeia 
(A) is roughly 30° from the furthermost of the five bright stars in dre same 
constellation. So it takes about two,hours for Cassiopeia to cross the meridian. 
The furthermost bright star (C) in the tail of the Great Bear is roughly 
210° from a Cassiopeiae. The difference in hour angles is 210 -t* 15 or 14 
hours. That is to say, the tail star of Ursa Major crosses the meridian at its 



Fig. 21 


The direction of a celestial body can be iixedby two angles, the angle it makes with 
the horizon or the vertical (altitude or zenith distance) and the angle.it makes with 
the meridian (azimuth). 

“upper culmination,” roughly 14 hours after a Cassiopeiae. The hour angle 
differences of the stars give us an orderly picture of their appearance and 
disappearance on the horizon. The bright star Betelgeuse in the constellation 
of Orion is separated by an hour angle of nearly 6 hours from a Cassiopeiae. 
So when Cassiopeia is at its upper culmination, Betelgeuse will be risbg 
almost exactly due east of the pole. See also Figs. 47,48, and 49. 

Lockyer (Stonehenge and other Monuments) reproduces'a figure illustrating 
a "night dial” used in fourteenth-century England to tell the time at night 
by watching the rotation of the two stars (pointers) of the Great Bear in 
line with the Pole Star. It is essentially a movable arm which rotates on 
a dial, the centre of which is perforated (see Fig. 147, Chapter V). To use 
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it, you would look at the Pole Star through this hole, move the dial in line 
wit the pointers, and read off the time on the dial which could be cali- 
wated Hke^a planisphere (p. 94) for each day in the year. Hooke (New 
X ears Day) states that pictorial representations of crude night dials based 
on essentially the same principle come from ancient Egypt. The exactitude 
1 which the priests of these early civilizations endeavoured to determine 



Fig, 22 


measuring the angle a star (or any other obiect^ 
mtwes widi the horizon (altitude) or the vertical (zenith disranop'i iw mn,?! k.. 
a p«ce of me^ tube exactly parallel to the base lice of a blackboard protractor^ 
feff SK” “y Wet- To the cffltte po™dS,CS;S 

PointM S on to it) and a 

P r die tube, you m measure the azimuth (az) or bearing of a star 
1 setting sun) from tlie north-south meridian. Tolo this S 

the occurrence of celestid signals is illusirated by a Babylonian text which 
belong to tie imie of Hammurabi. In it the lieHacal risings of three con- 
stejtjons are given by weight (4 mmas and 2 minas) corresponding to the 
^ water clock or clepsydra analogous to the 

The construction of the Great Pyramid shows that the Egyptians made 
exact measurements of the position of the stars at transit as weU as when 
rismg or settmg. Such obsemtions entail the recognition of a second 
uniformity of inepurement. This also was a very early discovery. When it 
crosses the meridian, the altitude of any star (or its Z.D.) is always the same 
at i particular place. Since the pole Is fixed, we may also represent the 
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position of a star in the heavens by the difference between its meridian 
altitude* (or Z.D.) and the altitude (or Z.D.) of the Pole Star. This difference 
is now called the North Polar Distance, and its complement is now called 
the declination of the star, Thus: 

North Polar Distance = meridian altitude of star - altitude of Pole 
or North Polar Distance == Z.D. of Pole — Z.D. of star 
Declination = 90° — N.P.D. 

Declination is thus the elevation of a heavenly body above the celestial 
equator, and is of course negative in the case of bodies which transit south 
of the celestial equator (Fig. 24). 



Fig. 23.—The Star Clock 

Showing how the relative positions of the stars may be represented by the time 
interval between their transits over the meridian. The star A in Cassiopeia is almost 
directly above the pole, i.e, its hour angle is zero (= XXIV). The star G m the Dipper 
crossed the meridian ten hours earlier, i.e. its hour angle is X. 

NoTE.-"Since the celestial sphere rotates once in 24 hours the time which will 
elapse before a star crosses the meridian is the difference between 24 and its hour 
angle. Thus B in Cassiopeia will transit above the pole in 2 hours, and its hour angle 
is + 22 or - 2. The hour angle of C in the Dipper is + 10 or - 14. 

Tk M significance of these facts did not clearly emerge until the study 
of the heavens received a new impetus in the great centres of Mediterranean 
shipping. As travel developed, the priestly lore of the calendar became the 
possession of Semitic trading peoples, who transmitted their knowledge to 
the Greek world. When astronomy ceased to be local and began to be 
international, observations made at different places could be compared. The 
result of this was another important discovery. Although the meridian 
altitudes vary from place to place, the N.P.D. of a star, like the difference 
in hour angle between any two stars, is the same everywhere (Fig. 24). Thus 
the position of the star in the heavens can be fixed for any observer by two 
coordinates—its hour angle difference referred to any one star and its N.P.D. 
(or declination). These two data are all that is required for constructing a 

* Altitude, for this purpose, must be reckoned from the north point of the horizon, 
Zenith distances south of the zenith are reckoned as negative, 
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star map or planisphere. From the star map it was a very short step to the 
first world maps of latitude and longitude. The Alexandrian maps opened 
up vistas of unexplored territory waiting for the ships of Columbus, 
Amerigo Vespucti, and Magellan. 


Blfferzace m 
/ aliMe-33^ 


Arnirm/— - 

76^2'" dhmSouih'^Hoawn 

Strim-T- -''\ 

/ ^ 

I \ 

Sims ^ 

I I 


\ 


'' ,a,Z£htde'33‘’ 


AlMmuai - 

Bomon J . / \ 


22^/z‘dbciva 


. (J936) 


The highest altitude of a star varies from place to place, but the difference between 
the highest altitudes of any two visible stars, i.e. the difference between their altitudes 
at meridian transit, is the same at all places. (The two stars chosen are Aldebaran 
and Sirius. They are drawn as if they crossed the celestial meridian at the same time. 
In reality Sirius transits about two hours later than Aldebaran.) 


One class of measurements of great antiquity arose in connexion with the 
fixing of the year from the summer solstices. This was the determination of 
the “obliquity of the ecliptic,” i.e. the angle which the sun’s track in the 
zodiacal belt makes with Ae celestial equator. Chinese astronomers are said 
to have calculated the value correct within a quarter of a degree by as early 
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Sm's zemJk dhtmit Sm's xmik Ustimce. Sim's zenith distmsi 
~t'!±r"Ohlicjmfy of -Isijiuie. ' ObiiqpJN 

*“ EcHpHc. . ofEclipik. 


Fig, 26,—Egyptian Measueement of the Obiiqtjity of the Ecliptic from the 
Sun’s Noon Shadow 

At noon the sun is highest. The pole, the earth’s centre, the observer, and the sun, 
are all in the same plane (or flat _surface). On the equinoxes (March 21st and Sep¬ 
tember 23rd) the, sun’s xenith : distance at , noon is the observer’s latitude (30° , at 

Meniplijs).:If the'Obliquity of the ecliptic is E 

L -f- E = sun’s zenith distance on winter solstice (December 21st). 

L - E — sun’s zenith distance on sununer solstice (June 21st). 

So the obliquity of the ecliptic is 

(sun’s z.d. on December 21st — sun’s 2 .d. on June 21st), 

as 1000 B.c. The Egyptians and Babylonians almost certainly had an equally 
accurate estimate at a much earlier date. The accuracy of these early estimates 
was achieved by the large scale of the instruments used, and gives us some 
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insight into the apparently.pretentious dimensions of the great calendar 
monuments. Two obelisk measurements repeated over several years suffice 
(see Fig. 26 ) to^give a very good mean value for the obliquity of the ecliptic. 
Unwittingly, as you will see from the same figure, those who first made these 
measurements also encountered another quantity. If Zy, is the sun’s zenith 
distance on the winter solstice and Zj is the sun’s zenith distance on the 
summer solstice , 

i(Z,-l-Z,) = L 

To them the quantity L was nothing more than the zenith distance (Fig, 26 ) 
of the noon sun on the equinoxes, hence a direct way of fixing the time of 





Fig, 26, —Latitude from Sun’s z.d. at Noon on the Equinoxes 
On March 21st and September 23rd day and night are of equal length throughout the 
world. So the sun lies above the equator. At noon the sun always lies over the line 
joining tlie north and south points of tire horizon, i.e. the observer’s meridian of 
longitude. So the sun, the poles, observer, zenith, and earth centrewe all in theaame 
flat slab (or “plane”) of space. Since ftie edges of a sunbeam are parallel, the sun’s 
z.d, at noon on the equinoxes is the observer’s latitude. 

a fertility festival which ks persisted in the Lent observances ©f contemporary 
mythology. To us it is a foidamental physical constant It is numerically 
eqmvalent to what we now cah theM/«t/e of the observer. You find .the 
latitude of your house within a quarter of a degree by observing the sun’s 
■altitude at noon on March 2 l 8 t or September 23 rd. There will be a sli^t 
error in all such calcuiationsif you only m^e the observation on one ocOasion, 
'because h wil rarely h^pen that .the lexact momem: at wkch fee sm is 
.above the equator will also be exactly loc® at the place where you live. 
The very precise measmements of the ancients represented the average of 




56 Science Jot the Citizen 

many observations made repeatedly. The ecliptic angle which defines the 
latitude of the tropical belts is between 23® and 24°. At London (latitude 
61° N.) the sun’s zenith distance at midsummer is 61° — 23|° = 27|°, and 
at midwinter 5r + 23f = 74|°. The sun’s altitude at* noon is 62|° 
(90° — 27|-°) on June 21st. The midwinter noon sun is only 15|° (90 - 74|°) 
above the horizon. The Arctic Circle which defines the limit of the midnight 
sun on the summer solstice is at latitude 90° ~ 23|° = 66|° N. 



The altitude (horizon angle) of the Pole Star is the observer’s latitudes both being 
equivalent to 90“ ~z.d. of Pole Star. 

In making observations on the elevation of celestial bodies it is probable 
that the calendar-makers of the early Mediterranean civilizations had dis¬ 
covered another fact of great geographical importance. On the equinoxes 
the sun’s zenith distance is the same as the mean nightly altitude of the 
Pole Star. This was actually the star a in the constellation Draco at the 
time when the Great Pyramid was built. The meaning of this is easy to see. 
On ±e equinoxes the sun is in the plane of the celestial equator. The direc¬ 
tion of the Pole Star is at right angles to the celestial equator. You will 
therefore see (Fig. 27) that the elevation of the Pole Star above the horizon 
is the same as what we now call the latitude of the observer . In the northern 
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hemisphere all you have to do to find the latitude of your house is to take 
the horizon angle of the Pole Star with a home-made instrument like the one 
in Fig. 22. You should not make an error of more than 1°. This tells you 
your distance from the equator or North Pole within 70 miles. 

Certain geometric principles underlie all these early measurements, and 
play an important part in the later developments of the Alexandrian astron¬ 
omy. Expressed in modem language, the first is that light rays from the 
heavenly bodies are parallel. At first sight tliis might seem a daring assump¬ 
tion. The fact is that the straight parallel edges of a beam of light were not 
laboratory curios to the first civilized men. In an age when there was no 
glass, and dust abounded, windows were high narrow slits to exclude wind 
and rain. The sharp straight edge of a shaft of bright light piercing a narrow 



The same star, whose declination is 46° North, as seen at transit from latitude 66“ N., 
20° south of die zenith (z.d, = - 20°) and from latitude 26° N., 20° north of the 
zenith (z.d. «=+20°). 

orifice along a path of scintillating dust was one of the commonest facts of 
everyday life in ancient times. All the phenomena of shadow reckoning for 
timekeeping and architectural construction sustained the same belief. 

Then there was the principle of tangency demonstrated by the shadow 
cast by curved vessels. One of the' earliest geometrical principles used iil 
astronomy was that the line joining the zenith to the observer must pass 
through the eartib’s centre, if produced far enough. This follows from the 
elementary principle that the line joining the centre of a circle to the point 
where the tangent grazes the boundary is at right angles to it. Since the edges 
of the beam of light are straight, the observer’s horizon plane is tangential to 
the earth’s curved face. The zenith axis is the direction of the plumbline. 
The lines joining the zenith and the earth’s centre to the observer botli make 
right angles with his horizon plane, and are therefore coUinear. The pole, 
the zenith, and observer are all in the same plane, which we have called the 
meridian. The earth’s centre is in this plane, and so is the earth’s axis, i.e. 
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the line joining the pole to the earth’s centre. This means that we can make 
flat diagrams of the relations between an observetj a star, and the earth’s 
centre, traced on sand or drawn on paper, provided that ev^cything (Fig. 41) 
drawn is in the meridian plane at the same time. The direction of a star is 
given by the angle it makes with the plane of the equator at the earth’s centre. 
As you will see from Figs. 28 and 31, this is the same as its declination, and 
explains why the N.P.D. (hence also declination) is independent of the 
observer’s locality. 

Another simple geometrical principle which was implicit in the earliest 
attempts to diagrammatize the esperiences which we have dealt with, is worth 
mentioning, because there is an inescapable distortion in any diagram like 
those in Fig. 20, The light beams of heavenly objects appear to be parallel 



Fig. 2j) 

If the size of^the earth is very small compared with the distance of the stars, the 
observer’s horizon practically coincides with a plane through the earth’s centre parallel 
to the actual plane of the horizon. In other words, we see practically half the celestial 
sphere at any moment. 

because they are very far away. This means that the celestial sphere is 
immense compared with the earth. For practical purposes the observer’s 
north-south horizon line can be replaced by a paraUel line in the meridian 
plane drawn through the centre of the earth as in Figs. 29-30. So we actually 
see half the celestial sphere, and the east and west points of the horizon are 
in the same plane as Ae equator. 

Such conceptions did not grow out of a preconceived system of logic. 
It would be more correct to say that geometry grew out of them. Geometry 
was largely the offspring of astronomy and its sister craft of architecture in 
the calendar civilizations of the Mediterranean world. Admiration inspired 
by Greek literature has fostered a legend which associates Greek metaphysics 
with real or suppositious achievements of the Greeks in other domains. 
Although Euclid, talces us through twelve books before he arrives at the 
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For the reason explained in Fig, 29 the equinoctial or celestial equator cuts the 
horizon plane due east and due west, 



The direction of a star as seen from the earth is everywhere the same as measured by 
the angle between it and the celestial pole, i.e. the difference (N.P.D.) between its 
z.d, (or altitude) and that of ±e pole when it crosses the meridian. The N.P.D. is the 
complement of the angle [declination) which the star beam makes with the plane of 
the equator as it passes over the observer’s meridian. The declination is equivalent 
to the star’s meridian zenith distance (E) as seen by an observer at the equator. 

N.P.D. = star’s zenith distance at North Pole, , 

Decl. = star’s zenith distance (E) at equator. 
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area of the circle and sphere, the Egyptians already, possessed correct 
formulae for the volume of a pyramid and the area of a sphere by about 
1600 B.c. (Moscow papyrus). The Rhind papyrus gives a v?ilue of tt equiva¬ 
lent to 3-16 in our notation, or less than 1 per cent out. Only gross over¬ 
valuation of the contents of books accounts for failure to appreciate the 
intellectual equipment of people who made the angles of the Great Pyramid 
with a precision equivalent to 0-06 of a degree. 


THE MODERN CALENDAR 

The publication of international radio programmes reminds us that our 
own civilization makes much more exacting demands on the precision of 
calendrical practice than did the seasonal practices of a primitive agrarian 
economy. To a large extent the elaboration of the principles involved in 
modern time-keeping has arisen from the needs of navigation and, in 
particular, from the problem of determining longitude with accuracy at sea. 
Hence the theoretical explanation of present-day practice must be deferred 
to another context, where the reader may meet it at a later stage in our 
narrative. The remainder of this chapter will be devoted to a brief survey 
of the evolution of timekeeping in historic times. 

There is no absolute measure of time. In the last resort all our mechanical 
instruments are checked against the same standard—the interval between 
two meridian transits of the same celestial body. To put the matter in anotlier 
way, the possibility of measuring time in shorter intervals rests solely on the 
fact that we are able to construct devices like hour-glasses which empty 
themselves, or pendulums which swing, a constant number of times between 
the appearance and re-appearance of the same star on the meridian. This 
fundamental unit is called the sidereal day. Its mechanical division into 
24 hours of 60 minutes and 3,600 seconds constitutes the actual system of 
time used in observatories in contradistinction to the system of time used 
in civil life. 


The apparent position of the sun in the ecliptic, when it is crossing the 
celestial equator at some time on the March equinox, is taken as the origin 
of reference in reckoning sidereal time. Sidereal time begins when the 
point where the celestial equator intersects the ecliptic crosses the meridian. 
This point of intersection, which is the Greenwich of the celestial sphere, 
is called the First Point of Aries, and is usually denoted by the ancient 
zodiacal sign for the ram (t). We shall see later (p. 96) how to find exactly 
where it is. From what has been said on page 60, you wiU see that the 
(hfference of hour angle between any star B and a star A on the celestial 
semicircle traced through T from pole to pole (see Figs. 23 and 49) is the 
sidereal time at which the star B appears on the meridian. The star a in 
Cassiopeia is very dose to the hour circle of T, and since the sun is always 
less than a degree from T at noon on the vernal equinox, noon March 21st 
. . / 24 x 60\. , 

IS within 4 nunutes ( - ■ j of zero time on the sidereal clock. So 

the hour angle which separates a star from the first point of Aries is approxi- 
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mately the time which elapses between its meridian transit and that of a 
Cassiopeiae. 

Although the sidereal day is the basic system of units and the one used 
in observatories,*it is not suitable for everyday use. For everyday use the 
number assigned to an hour must correspond with our working, feeding, 
and sleeping habits. Everyday life was regulated by the solar day when 
sundials were used. The time of the day when the noon sun crosses 
the meridian, halfway between sunset and sunrise, always registers twelve 
o’dock on the sundial. Hour glasses or clocks, checked by the meridian 
transit of stars, register any number from 0 to 24 sidereal hours at solar 
noons between one vernal equinox and another. This is because the solar 
day is longer than the sidereal day. The sun, as we have seen, is continually 
slipping backwards in the ecliptic. In a year it gets back to where it was 
before. It has therefore receded 360°, which is the angle through which the 
stars rotate in one sidereal day. Thus the shadow clock loses one day per 
year. In an average day it loses 

24 x 60 ^ 

.ggg = 4 minutes (approximately) 

The day after the vernal equinox solar noon would register 0 hour 4 minutes 
instead of 0 hour on the sidereal clock, Fifteen days after the vernal equinox 
noon would be 1 hour by the observatory clock. At the end of three months, 
i.e. on June 21st, noon would occur at 6 o’clock by sidereal time. 

The meridian transit of the sun gives us a solar day , which is approximately 
4 minutes longer than the sidereal day. Unfortunately the exact length of 
the solar day is not constant. A clock or hour glass which always registers 
the same number of sidereal hours and minutes between successive transits 
of the same fixed star does not register exactly the same number of minutes 
from noon to noon on different days of the year. The social inconvenience 
of this fact is what forces us to take the sidereal day as the fundamental 
unit to which everything else is referred. If we agree to regard the diurnal 
rotation of the fixed stars as our best possible approximation to an absolute 
standard, the relative irregularity of Ae solar day can be explained as the 
result of several circumstances of which the two most important wilt be 
explained in Chapter IV, They are the olliquity of the ecliptic, md the form of 
^&eariVs orbit. 

Owing to the obliquity of the ecliptic the sun’s apparent annual motion is 
not in the same plane as its apparent diurnal rotation with the fixed stars. 
When it is “in Cancer” or “in Capricorn” it appears to be moving backwards 
in the ecliptic in a direction (Fig. 9) practically parallel to its apparent diurnal 
motion. In Aries or Libra its apparent path is very oblique. So even if the sun’s 
apparent motion in the ecliptic were perfectly re^ar—or, as we now say, even 
if the earth moved in its orbit at a uniform speed—the shadow clock would not 
lose time at exadiy the same rate tk^ the seasons. Later we shall find 
that the angular velocity of the earth’s orbital motion is not constant. Another 
fact, which did not emerge till it was possible to give a satisfactory account of 
the motions of the planets, is that the sun’s apparent path is not exactly cir¬ 
cular, though nearly so. According to what we now Imow (Chapter I\0 the 
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earth moves in a nearly circular ellipse, and the sun is not exactly at its centre. 
Even if it moved with constant speed in its track, it would not move in equal 
periods through exactly the same angular distance from tlie sun. What is 
constant is its “areal velocity,” as Kepler discovered. e 

In antiquity there was no correspondence between short intervals of 
astronomical and civil time. The civil day was reckoned from noon to noon 
by the shadow clock, and when weight-driven and spring clocks began to 
be used in mediaeval times they were continually corrected by reference to 
the sundial. The use of the solar day as a unit was abandoned when the 
determination of longitude at sea emerged in the practice of navigation. 
Solar time is local. That is to say, noon does not occur simultaneously at 
places on different meridians of longitude, and the determination of longitude 
in the daytime is made possible by tliis fact (see p. 78). To do this we need 
to know when it is noon at some standard meridian- (that of Greenwich is 
generally accepted). This would be simple enough if an accurate clock set 
by Greenwich time would always record noon when noon occurs at Green¬ 
wich. Since the solar day is not a fixed number of pendulum swings or 
hair-spring oscillations, the unit of time taken is the mean length of the solar 
day throughout the year. On any particular day noon by mean time is a 
few minutes (never more than 18) before or after true solar noon. The differ¬ 
ence can be estimated by direct observation. It is tabulated in almanacs, 
being generally (though inappropriately) called the Equation of Time. The 
accompanying graph shows how it varies throughout the year (Fig. 32). 
It can be used to find sundial time at Greenwich if we have a reliable clock 
set to Greenwich mean time, and hence to compare sundial time at Greenwich 
with sundial time at any place to which the clock is taken. Likewise it can 
be used to set the clock to mean time by the sundial. 

Applying the equation of time may be illustrated by reference to a dis¬ 
crepancy which sometimes puzzles people when they consult almanacs. 
Times of sunset and sunrise are always given in mean time to meet lie 
requirements of mechanical clocks. On this account the lengths of morning 
and afternoon may differ by as much as half an hour, or a little more. On 
September 23, 1935, gives the times of sunrise as 5.48 a.m, and 
sunset as ;17.67 (i.e. 5.67 p.m.). This would make morning reckoned from 
mean noon 12 - 6.48 = 6 hours 12 minutes, and afternoon 17.67 - 12.00 
= 6 hours 67 minutes, i.e. 16 minutes shorter than the morning. On the 
same day under “equarion of time” we read “subtract from apparent time” 
(i.e. sundial time) “7 22 seconds,” To the nearest half-minute 

therefore the mean time at true solar noon (which divides the day equally) 
was 11 hours 52| minutes a.m. This maltes the times of morning (IThours 
62| minutes - 5 hours 48 minutes) and afternoon (17 hours 67 minutes 
-11 hours 52| minutes) both the same, being 6 hours 4J minutes bn that 
day. For the convenience of mechanized transport docks are regulated to keep 
mean time for some standard locality like Greenwich or Paris. This avoi^ 
recourse to elaborate arithmetical corrections for differences of local time, 
when time-tables are revised, So sundial time may differ considerably from 
the time of a dock set by radio signal, when the correction for longitude and 
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the equation of time are cumulative. Owing to the statutory introduction 
of Summer Time in England, an interval of about an hour and a half may 
separate the nooi; radio signal from sundial noon in Cornwall. 

^ The problem of choosing a socially convenient unit for short periods of 
time only became important when civiUzalion spread into the comparatively 
sunless northern hemisphere and portable mechanical clocks replaced the 
sundial. A much earlier dilemma arose in accommodating astronomical 
observations to social convenience when ibcing the length of the year. For 
civil use a year must consist of a whole number of days. By refined astro- 
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Fig. 32.—Tiffi Equation of Time 

The Equation of Time is'the misnomer for the number of minutes which, on any 
particuhr day of the year, must be added to true solar time (“apparent” time) to give 
mean time, or, conversely subtracted from mcfin time to give sundial time. It has 
four seasonal phases. The first extends from December 25th to April 16th, with 
Its maxini^ about February^ 12th, when it reaches 14 minutes 23 seconds. During 
to period the equation of time is positive. Thus sundial noon at Greenwich on 
February_ 12m occurs at 12 hows 14 minutes 23 seconds G,M.T. In tlie next phase 
from April 16th to June 16th, it is negative. The maximum is 3 minutes 47 seconds 
about May 16tli. Thus on that date sundial noon at Greenwich occurs at IThours 
66 minutes 13 seconds. From mid-June to September 1st the equation of tiim* i$ 
agam positive with a maximum of 6 minutes 22 seconds about July 26th. From 
September 1st till December 26th it is negative widi a maximum about November 2nd, 
when It IS necessary to subtract 16 minutes 22 seconds from sundial time to get mean 
time. 

nomical measurement the year, as a record of seasonal events, is not an 
exact number of days. In order that the name or number assigned to a day 
may discharge its primary social use, it must keep pace with the seasons, 
Clearly it cannot do so if a year is always made up of tlie same number of days. 

From direct observations of the heavens we can define the year in two 
ways. The sidereal ymh based on the same principle as the Egyptian year, 
which was announced by the heliacal rising of Sirius. It is the time taken 
by the sun to get back to precisely the same position in the heavens as some 
fikd stars, In contradistinction to the sidereal or Pyramid year, the Stone¬ 
henge year was solar, and corresponds to wliat is now called the tropieal year, 
Tk tropical year is equivalent to taldng the average number of days 
between noon at two successive- vernal equinoxes. Astronomers define it 
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as the time taken for the sun to get back to the First Point of Aries, i.e. where 
the sun is at some time before or after noon on the vernal equinox. On any 
particular occasion the interval between noon on the first and the succeeding 
vernal equinox is necessarily a whole number; but since* the sun will not 
generally be exacdy over the equator exactly at noon on any particular 
equinox where the observations are made, successive observations do not 
average out as a whole number. 

The average length of the solar or tropical year is not exacdy the same as 
that of the sidereal year. The reason for this is a phenomenon known as the 
Precession of the Equinoxes, The Precession of the Equinoxes, which will be 
dealt with on page 219, is of great interest because it is one of the independent 
sources of evidence used to check the dates of historical events. The recur¬ 
rence of the seasons is due to the fact that the sun’s apparent annual path 
is inclined to the earth’s axis, or, alternatively, the earth moves round the 
sun in an orbit mclined to its axis which is always parallel in any two positions. 
Through the seasons the Pole Star retains its fixed position. Hence the earth’s 
axis itself does not appreciably shift in a single year. On the other 
comparison of astronomical observations on the declinations and hour angles 
of stars, carried out over long periods, shows that the plane of the celestial 
equator like that of the moon’s orbit (Fig. 16) appears to rotate on the ecliptic 
at approximately the. same incHnation. Another way of saying this is that 
the plane of the terrestrial equator rotates on the earth’s orbit (see Figs. 138 
and 139). One outstanding feature of this rotation is that the sun’s position 
on the vernal equinox shifts round the ecliptic. In classical antiquity it 
occupied the same position in the heavens as the constellation of Aries. At 
the autumn equinox the sun was then in Libra. About 60 b.c. the sun’s 
position at the equinoxes moved from Aries into Pisces and from Libra into 
Virgo. As a matter of fact we still speak of the First Point of Aries, though 
the sun is really in Pisces. On star globes the zodiacal signs, as used for 
months, no longer signify the acmal constellation which is screened by the 
sun at that time. On December 21st the sun is now in Sagittarius and not 
in Capricorn; on June 21st it is in Gemini and not in the adjoining constel¬ 
lation of Cancer, as it was in ancient times. The phenomenon is generally 
said to_ have been discovered by Hpparchus, in 160 b.c., from comparison 
of earlier records with his own observations. According to Fotheringham’s 
researches, it appears to have been elucidated at an earlier date (about 
340 B.C.), by a Babylonian astronomer, Cidenas. The passage of seventy 
years brings about a shift of 1° in the position of the equinoctial sun in the 
zodiacal belt. A complete rotation is a matter of about 26,000 years. 

: Being at right angles to the plane of the equator the position of the celestial 
pole rotates very slowly round the pole of the ecliptic.. We have spoken of the 
North Pole Star as if it were unchangeable and exactly located at the point 
round which the stars appear to revolve. It is a fortunate historical circumstance 
that there does happen to be a bright star practically at this point in our own 
time. There was also a bright star (a Draconis) very near it when the calendar 
cultures of the Nile and Mesopotamia flourished. Being fixed with reference 
to the earth the northern tunnel of the Great Pyramid always points near the 
celestial pole and not to any particular star that happens to be there. Today 
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it nearly points to another bright star round which different circumpolar 
constellations revolve. Our own Pole Star (Polaris in Ursa Minor) at present 
describes a minut^ circle almost exactly one degree off the pole. That is to say, 
tile maximum difference of two determinations of its altitude at any place 
is 2“. The average of two observations six months apart gives tlie correct 
position of tile celestial pole, if we want an exact value for our latitude. On 
any one occasion we are not likely to be more than out, an error of only 
■36 miles, and therefore witliin sight of mountains on the sea horizon, when 
we are approaching land. There is no bright star near the soutli celestial 
pole. 

Between 2000 b.c. and about A.D. 1000 tliere was no very bright star near 
the pole. We might perhaps go so far as to say that the approach of Polaris 
to tile celestial pole was the herald of the Great Navigations. 

Owing to precession the sidereal year gets out of step with the seasons in 
the course of centuries. The tropical year is about 20 minutes shorter than 
the sidereal year because the position of T changes at the rate of 1 degree 
in 70 years (precession of the equinoxes). In mean solar units its exact length 
is 365 days 5 hours 49 minutes to the nearest minute. For keeping track of the 
seasons the tropical year is the proper astronomical unit because it is based 
on a seasonal event. The length of the civil year is adjusted to correspond 
with the tropical year by periodic insertion of extra days in the leap years, 
The leap year system is analogous to an earlier practice, employed when the 
calendar still retained its lunar function. 

Since the Egyptians added five feast-days to twelve thirty-day months 
when they created tlie year of365 days, it is probable that they first recognized 
a year of 360 days, or twelve 30-day months. There is evidence to show 
that the original length of the Chinese and the Sumerian year was also 
360 days. While the Egyptian calendar discarded any attempt to keep the 
divisions of tlie year in step with the phases of the moon, the oriental civil¬ 
izations were far less successful in devising a seasonal calendar. The mean 
length of the lunar month is almost exactly 29|’ days. To adjust the calendar 
to the phases of the moon tlie Babylonian priests introduced a regular 
alternation of 29- and 30-day months, with occasional intercalaiy months 
(or in our idiom_“leap months”), to make up for the fact that the year of 
12 lunar months is only 364 days. To desert nomads the moon as a traveller’s 
beacon has more significance than the celestial signals of a settled agronomy. 
This may be why the Mohammedan alendar retained the Babylonian year 
of 364 days without any intercalation, so that each month goes through all 
the seasons in a generation. The early Hindu astronomers introduced a 
regular five-year cycle, in which an extra month was inserted in the second 
and fifth years. Greek calendrical practice did not break away from the 
attempt to square lunar with solar time reckoning. It made a good com¬ 
promise by the introduction of a calendrical cycle due to Melon and Eiictemon 
in 433 B.c. By intercalation of an extra raonth seven times in nineteen years, 
the beginning of a given named month did not suffer a seasonal sliift of more 
than a day in two centuries. 

A great deal of confusion arose in the ancient chronologies from attempts 
•'to conserve the more primitive use of the lunar cycle as a time unit. Even 
c 
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the Egyptian calendar must have been a month out after a lapse of about 
120 years. Petrie remarks that “the cycle of 1,460 years in which the calendar 
shifted round the seasons enables the record of any seasraal event to be a 
control on chronology,” and “the Berlin date” of 4241 B.C., which pushes 
back the origin of the Egyptian calendar to pre-dynastic times, is based on 
this fact. From texts extant in 2000 b.c. it appears that the Egyptian priests 
already recognized a “little year” or quadrennial cycle, analogous to our 
leap year, to compensate for the fact that^eir basic year of365 days is roughly 
six hours too short. A brief and readable discussion of these early calendars is 
given in S. H. Hooke’s book, Nm Yeafs Day* 

When Julius Caesar came into power he found ±e Roman calendar in a 
state of hopeless confusion. Alexandrian astronomy had then reached a high 
level of attainment, On the advice of the Alexandrian astronomer Sosigenes, 
and in accordance with his suggestions, Caesar established in 45 b.c. what is 
known as the Julian calendar. With a trifling modification, this continues 
in use among all civilized nations. The Julian calendar discarded all consider¬ 
ation of the moon, and adopting 366| days as the true length of the year, 
ordained that every fourth year should contain 366 days. The extra day was 
inserted by repeating the sixth day before the kalends of March (our 
February 24th). Later the extra day became our February 29th. Caesar 
also transferred the beginning of the year to January 1st. Up to that time it had 
been in March. This is still indicated by the names of several of the months, 
e.g.^ September, the seventh month, etc. Caesar took possession of the month 
Quintilis, naming it July after himself. His successor, Augustus, in a similar 
manner appropriated the next month, Sextilis, railing it August. 

The Alexandrian astronomers were not a priestly caste wedded to cere¬ 
monial practices. In acting on the advice of Sosigenes, Caesar took a step 
towards the secularization of the calendar. The complete secularization of the 
calendar did not come until after the invention of the clock. The next import¬ 
ant reform was adopted for sacerdotal reasons rather than scientific or 
utrlitarian convenience, when a civilization equipped with mechanical clocks 
was . already outgrowing the need for a religion of saints’ days. The sunnier 
Moslem world encouraged astronomical studies as a secular branch of 
learning after the decay of the Alexandrian culture. In spreading over the 
cloudier northern hemisphere the Christian priesthood associated the seasonal 
festivals oparbarian tribes with a newly-acquired equipment of saints, who 
replaced the star god Pantheon when Christianity became the State religion 
ot a eolJapsmg empire. The monasteries which tolled the bell for vespers 
became what the Egyptian prieslhood had been, the official timekeepers, 
■aey were the custodians of the hour candle, and they nursed the invention 
of the weight-driven clocks, which were put up in churches two centuries 
before jthey came into secular use. 

The fact that ^istianity inescapably usurped the social function of the 
of dvifation, when it became 
leceiv^mtfT’ encouragement which asttonomy 

tr Messor Fatringttn draws a sham 

contrast teween the words m which St. Angnstine endorsed the positS, 

This account closely Mows that of Russell, Dugan, and Stewart. 
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of astronomy in the curriculum of Christian education and his hostility to 
other branches of pagan science. In de Doctrim Christiana St. Augustine 
says; , 

A knowledge of tlie stars has a justification like tliat of lustory, in that from 
me present position and motion of the stars we can go back with certainty over 
meir courses in tlie past. It enables us with equal certainty to look into the 
luturc, not with doubtful omens but on the basis of certain calculation, not 



Fig, 83.—Albrecht Doer’s Adoration of niB Lamb 
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The last great reform was necessitated by the association of Easter cele¬ 
brations with the most ancient of the fertility festivals. Since the true length 
of the tropical year is a little less than 365| days (being»365 days 5 hours 
48 minutes 46 seconds, or a little over eleven minutes less), the Julian year 
is too long. By the year a.d. 1582 the error had assumed theological dimen¬ 
sions. The spring equinox had fallen back to the eleventh of March instead 
of falling on the twenty-first, as it did at the time of the Council of Nice, 

A.D. 325. Under the advice of the distinguished astronomer, Clavius, Pope 
Gregory, therefore, ordered the elimination of ten days. The day following 
October 4, 1582, was called ±e fifteenth instead of the fifth. To prevent 
further displacement of the equinox, it was also decreed that thereafter only 
such century years should be leap years as are divisible by 400. Thus, 1700, 

1800, 1900, 2100, and so on, are not leap years, while 1600 and 2000 are. 

The reformed calendar was immediately adopted by all Catholic countries, 
but the Greek Church and most Protestant nations refused to recognize the 
Pope’s authority. In England it was finally adopted by an Act of Parliament 
passed in 1751. This provided that the year 1762 should begin on January 1st 
(instead of March 25th, as had long been the rule in England), and that the 
day following September 2, 1752, should be reckoned as the fourteenth 
instead of the third. There were riots in various parts of the country in 
consequence, especially at Bristol, where several persons were killed. Accord¬ 
ing to their slogan, they supposed that they had been robbed of eleven days, 
although the Act was carefully framed to prevent any injustice in the collec¬ 
tion of interest, the payment of rents, etc. The Julian calendar persisted in 
Russia until 1918, and in Rumania until 1919. ’^en Alaska was taken over 
by the U.S.A. (1876) the official date had to be changed by only eleven days, 
one day being provided for in the alteration from the Asiatic reckoning to 
the American. 

Professor Elliot Smith’s assertion that the magic of today is the discarded 
science of yesterday is well illustrated by an illuminating study of the role 
of the zodiacal constellation Cancer in ancient social practices (D’Arcy 
Thompson, Trans. Roy, Soc. Ediriburghy XXXIX). “We err in my opinion,” 
says Professor D’Arcy Thompson, 

if we fail to recognize in this antiquated symbolism a deeper intention .. , 

I think we may discern that. . . these conventional but much varied collo¬ 
cations correspond in a singular and precise degree with natural groupings 
of constellation that are similarly figured and designated, and that the 
divinities with whom the emblems are associated had themselves a corre¬ 
sponding relation to the Signs of Heaven, where they had their places 
according to the doctrines of astrology, or which marked their festivals in the 
astronomic system of the sacred calendar. . . .We may abbreviate and sum¬ 
marize, as follows, the chief coincidences that have been related above: Cancer 
was domus Lunae, and the Crab is associated with the Moon on coins of I 

Consentia, Terina, etc., with tire lunar Diana of the Ephesians, and with 
various other images of the lunar goddess. Cancer was exaltatio Jovis, and 
the Crab is peculiarly associated with the Bird of Jove in the coinage of Agri- 
gentum, while the Aselli, individual stars of the same constellation, are mytlio- 
logically associated with the same god. Cancer was redes Mercurii, and the 
Crab is figured with the head of Hermes on coins of Aenus. Cancer rose with 
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Sirius, and there are dog-headed representations of both Mcrcury-Aiiubis and 
Luna-Hecate. Cancer marked the date of a festival of Pallas, and the Crab is 
figured witlr Pallas on coins of Cumae. Cancer is constellated with Hydra, 
simultaneously witli part of which Virgo rose, and the Crab is associated 
with Hydra in the legend of Hercules, and hence with Lerna when the rites of 
the Virgo coelestis were performed. Cancer is in the neighbourhood of Corvus 
and Crater, and on coins of Mcnde tlie Ass is figured with die Raven and Cup. 
Cancer rose opposite to Aquila and Delphinus which set soon afterwards, and 
moreover, set precisely as the Dolphin rose; the Crab or the Ass is associated 
with die Eagle on coins of Agrigentum and Motya, and with the Dolphin on 
coins of Motya and Argolis. Cancer rose as Pegasus set, and the Crab is figured 
with the Horse on coins of Agrigentum. Cancer rose as the Southern Fish set, 
and the Crab and Ass are figured with the Fish on coins of Agrigentum and 
Cyzicus. 

MEGALITHIC REMAINS 

The conditions for fixing the year vary greatly in different parts of the 
world. Near the equator twilight is short, so that the interval between the 
visibility of a bright star and the moment of sunrise or sunset is small. On 
the otlier hand, the sun never rises or sets far north or south of tlic east and 
west point. Hence the determination of the year by heliacal rising or setting 
of bright stars is relatively easy, and the use of the solstice as a fixed point 
is relatively less convenient tlian it is in northerly latitudes like our own. 
At the latitude of Stonehenge twilight is prolonged, and the amplitude of 
tire sun’s sltift between the solstices is large. On midsummer day it rises 
Just over 40° north, and on December 21st 4,0° south of the east point, moving 
through an angle of over 80° in the course of tire so,lstitiaI half-year. Hence 
it is not surprising to find evidence that megalitlric monuments in northern 
Europe were set up to regulate a solar calendar. 

Sir Norman Lockyer,, who carried out an extensive snrvQy (Stonehmge 
and other British Stone Monummts) of such remains in Brittany, Wales, 
Cornwall, and Dartmoor, distinguishes between time types of solar calendar, 
One is the solstitial calendar based on the midsummer (June 2l8t-Junc 21st) 
or mistletoe (December 21st-Deeember 21st) year. One is the equinoctial 
(spring or autumn) year. The other is the “vegetative” year. In early Greek 
and Latin calendars the quarter days (about May 6th, August 6th, Novem¬ 
ber 9th, and February 6th) are midway betiveen a solstice and the ensuing 
equinox, and the beginning of the year was fixed in some of the Mediterranean 
cults at one of these dates, e.g. May Gth, by noting the position of the rising 
or setting sun when half the liumber of days (46) between the equinox and 
following solstice have elapsed. One advantage of a May (or August) year is 
that the same alignment serves to fix all four quarter days. If a line (Fig. 34) 
of stones is placed to greet the rising sun of June 21st, when the observer 
looks northward, it will also greet the setting sun of December 21st, when 
the observer looks soutliward, If a line is placed to greet the .rising sun of 
May 6th, when the sun is still travelling northward, it will also greet the 
rising sun of August 6th on its return journey. Similarly, if tlie observer 
looks towards the southern horizon, it will equally well serve to fix the 
position of sunset on November 6th and February 6th. In northerly latitudes 
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Lockyer found that a very large proportion are placed to greet the rising 
sun about May Otli, and,, allowing for the slight change in the obliquity of 
the ecliptic in the^course of the last five thousand years, he dates them about 
1500 B.c. Associated with the solar alignments there are often found to be 
others which correspond to the rising or setting position of a bright star 
whose heliacal rising or setting at this date acted as a warning of the approach 
of the May new year’s day. Since there are comparatively few bright stars 
which could serve the purpose, the established use of the same ones as signals 
of solar events in the Mediterranean cults leaves little doubt that the stone 
circle was a calendrical observatory, and the row or avenue leading to one 
was a via sacra for the ritual procession to watch the rising sun of the quarter 
day, or the heliacal rising and setting of the star (Pleiades, Sirius, Arcturus, 
etc.) which was the herald of its approach. 


EXAMPLES ON CPIAPTER I 

1. With the aid of diagrams compare the behaviour of the sun’s shadow at 
latitudes 70“ N., 50" N., 10" N., and 0“, 10" S., 50" S., 70" S. throughout the 
seasons. 

^ 2. The star a in die constellation Ursa Major was seen at its lower culmina¬ 
tion at midnight on September 4tli. Later on it was seen due east of the Pole 
at 2 n.m. What was the date? 


3. Given the obliquity of the ccHptic as 23i", find the sun’s zenith distance 
on December 21st at a place where the altitude of the Polar Star is 51“. 

4. The altitude of the Pole Star at a certain place is found to be 5;p, l-tind 
me approximate date on which the sun’s noon altitude was OO", given the fact 
that the sun rose earlier on the previous day. (Use inUakr,) 

5. Imagine that you have been deported to an unknown destination at which 
you arrive after months of high fever. How would you be able to recognize 
(fl) whether you were near the North Pole, the equator, the Soutli Polei the 
tropical belts 5 (b) how would you be able to locate your approximate position 
between these limits without any instruments; (c) how would you determine 
roughly the time of year? 

0, What additional information could you gain, if you had a protractor, some 
string, and a few nails? 

7, Suppose yourself in the same situation. You only recall die following 
geometrical theorems of your schooldays! (i) The tlicorera of Pytliagotas, (ii) the 
angles^at the base of an isosceles triangle are equal, (iii) the angle at the centre 
of a circle is twice the angle at the circumference subtending the same arc. 
How could you use tliese to make angles of 90, 45, .30, and (SO degrec.s rt)und a 
stadow po e with a piece of cord and a peg? How would you proceed to obtain 
other angular divisions?' 

^^wl («) your latitude, 

(b) the date, from observations of the sun’s noon shadow? 


9. How would you make an hour glass to record the time elapsing between 
the meridian transits of the stars? ‘ ^ 
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10. Explain, why leap years are inserted and what is meant by Greenwich 
mean time. 

11. If Sirius transits 23|° above the southern horizon aj lat. 50“ N„ show 
with a diagram like that of Fig. 24 at what latitude it will 

(a) just graze the southern horizon at transit, 

(b) transit 16|° south of the zenith. 

12* If Aldebaran transits 121° south of the zenith at latitude 29° N., at what 
latitude will it 

(a) transit exacdy overhead? 

(^) transit 5° north of the zenith? 

(c) just graze the northern horizon as a circumpolar star at lower 

culmination? 

Test the rule that if the altitude is always measured from the northern horizon, 
the formula 

altitude = 90° - (zenith distance) 

still holds good, if the zenith distance is negative, when a star transits south of 
the zenith. 

13. Find the north polar distance of Aldebaran and die soudi polar distance 
of Sirius with diagrams like those in Fig. 24. Hence find with similar figures 
at what southern latitude 

(a) Aldebaran ceases to be visible at all. 

(b) Sirius becomes a circumpolar star of the soudi celestial hemisphere, 

14. Find at transit the zenith distance of Sirius and Aldebaran at latitude 
6° N. and latitude 5° S. and of Sirius at latitude 22f S. Show that if (a) z.d. 
south of die zenith is negative, (b) declination south of the equator is negative, 

(c) latitude south of the equator is negative, the following formula applies to all 
situations: 

Declination «= Latitude + zenith distance. 

16. Draw a figure to show the upper and lower transit of Sirius at 86° S. 
Show^ that in the southern hemisphere, where there is no bright star near the 
celestial pole, the latitude, i.e. elevation of the pole, is the mean altitude of a 
circumpolar star at upper and lower culmination reckoned from die southern 
horizon. 


16. If solar time at Exeter is 14 minutes behind solar time at Greenwich, on 
what days of the year (see Fig. 32) will 


(a) noon on the sundial at Exeter agree with broadcast time CG M T1 
from Greenwich? 

{h) noon on the sundial occur two minutes after broadcast noon? 

(c) noon on die sundial occur twenty minutes after broadcast noon? 


ll^On November 6th the sun crosses the meridian at one o’clock GMT 
At what time by a chronometer set to G.M.T. will it cross the meridian at the 


same place on February 6th, June 21st, and August 4th? 


CHAPTER II 


* POMPEY’S PILLAR 

The Science of Seafaring 

In the everyday life of mankind the first fact wliich led to the growth of an 
organized body of scientific knowledge was the fertility of the crops and 
flocks. The second was the freedom of the seas. From the first came the 
need for an organized calendar, from the second a system of earth survey. 
The following passage from Nilsson’s monograph illustrates the same social 
needs at work in the culture of backward communities today: 

The calendar and practical life become to some degree separated from 
each oAerj tlie first lays the principal emphasis upon tlie correct ordering of 
the series of days, which is of especial importance on religious grounds for the 
selection of days and tlie fixing of tlie right day for the religious observances j 
in practical life, however, tlie point of chief importance is to determine the 
times when tlie various occupations may be begun and sea-voyages undertaken, 
both of which depend upon the solar year, and for this the stars afford the best 
aid. Hence it happens that sometimes the reckoning by the stars appears, as 
one more profanely determined, in a certain opposition to the lunisolar reckon- 
ing, wliich has a more religious character. This happened in ancient Greece, 
where the stars served for die time-reckoning of sailors and peasants while the 
lunisolar calendar was developed and extended under sacral influencej the 
festival calendar, which was regulated and recorded by tlie moon, became 
the official civil calendar. It was only later tliat the stellar calendar was sys¬ 
tematically brought under the influence of the fully developed astronomy and 
of tlie Julian calendar. In sailing, tlie stars afford to the primitive seafaring 
peoples the only means of finding their way when tlie land can no longer be 
seen. From the necessities of seafaring the greatly advanced knowledge of the 
stars possessed by the South Sea peoples has arisen j this is because practical 
ends are served not by a priestly wisdom, but by a profane. Nevertheless tlie 
knowledge of the stars is a secret which is carefully guarded in certain families, 
and kept from die common people-as is reported of tiic Marshall Islands, 
^ong the Moanu of tlic Admiralty Islands it is tlie cliiefs who arc initiated 
by tradition into the science of the stars. On the Mortlock Islands, where tlie 
science of the stars is very higlily developed, there was a special astronomical 
profession} tlie knowledge of the stars was a source of respect and Muence, it 
was anxiously concealed, and only communicated to specially chosen indi¬ 
viduals. Only a few can determine tlie hours of night by the s tars. The Tahitian 
Tupaya, who accompanied Cook on his first voyage, was a man of tliis kind, 
specially distinguished for liis nautical Imowledge of the stars, The dements 
of science, however, seem to have been pretty generally known, and from 
me Caroline Islands comes a curious account of a general instruction therein. 
It was first mentioned by tlie Spanish missionary Cantova in the year 1721, 
was later confirmed by Arago. In every settlement there were two houses, 
m one of which the boys were instnicted in the knowledge of the stars, and In 
the other the girlsj only vague ideas were imparted, however. The teacher 

c* 
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had a kind of globe of the heavens on wMch the principal stars were marked, 
and he pointed out to his pupils the dii'ection which they must follow on their 
various journeys. One native could also represent on a table by means of grains 
of maize the constellations known to liim. This is a nav.tical non-priestly 
astronomy, which has really little to do with calendrical matters in general, 
although as a matter of fact in the Carolines and the Mordock Islands it has 
led to die naming of all months from constelladons, and dierefore to a systematic 
sidereal regulation of the calendar. 

In ancient times transport by land involved a large initial outiay in making 
roads and a vast output of energy in carrying loads. Shipping dispensed with 
the need for roads and registered man’s first tentative exploit in replacing 
the effort of man or beast by the forces of inanimate nature. The Semitic 
peoples of Asia Minor had established colonies throughout the Mediterranean 
world by the beginning of the second millennium e.c. Carthage was founded 
in the nintli century. By tiien sliips had begun to track north towards the 
Tin Isles of the north. In the sixth century Carthaginian navigators had coasted 
along West Africa beyond the equator. From these Semitic peoples of Asia 
Minor the maritime Greeks of the seventh and sixth centuries b.c. absorbed 
the star lore of the ancient world and the geometrical principles of the 
calendar architecture. Their first two teachers of repute-Thales and 
Pythagoras-were both of Phoenician parentage. So was Anaxagoras, who 
brought asttonomy from Miletus to the Court of Pericles. Pythagoras is said 
to have acquired in Egypt his knowledge of the obhquity of the ecliptic and 
the identity of the planets Mercury and Venus in their appearances as 
morning and as evening stars (seep. 184). According to Callimachus (cited by 
Diogenes Laertius), Thales determined the position of tire stars in the Little 
Bear by which the Phoenicians guided themselves in their voyages. From 
Professor Taylor’s studies on mediaeval pilot books it seems that a similar 
practice persisted in the Ckistian era. Fig. 67 shows how the relative positions 
of stars in the Little Bear were oiice used to estimate the error involved in 
determmng latitude by the Pole Star, when it was not so near the true centre 
of the heavens as it is now. The orientation of two stars in the Little Bear 
above, below, east, or west of the true pole made it possible to apply the 
necessary correction, ranging from - Zf to -f 31“ in the fifteenth century. 

Scientific geography starts with the exploration of the Mediterranean, 
and the determination of latitude, which probably antedates Greek civiliza¬ 
tion, arose by easy steps from the practice of navigating by the Pole Star 
lhat maritime astronomy had reached a high level of precision before the 
great advances made by the Alexandrians is indicated by the reference to 
from Professor Farrington’s in 

. . . about 600 B.C. the Carthaginian, Hanno, coasted down the west coast 
dMuc. as f^ as Bierra Leone, to within 8 degrees of the equ^SsTrn 
e heels of Ae Phoenicians followed their rivals, the Greeks. The effective 
iscovery of the Black Sea was the work of the Greeks of Miletus. Exploration 
was begun about 800 E.C., and by 660 n.c. there was a heavy fringe SS 
colonies all round the Black Sea coast. It was for this cit/of SorLs S 
that A«i«.der corattad his map. I, was m £ 
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however, but from the neighbouring town of Phocaea, that tlie great enterprise 
was organized that eventually turned the Mediterranean into something like 
a Greek lake, Probably as early as 850 b.c. colonists from Phocaea occupied the 
Italian site of Cumae near Naples, and by the end of the seventh century 
numerous Greek settlements, mostly Phocaean in origin, dotted the western 
Mediterranean. The most westerly of ±ese settlements was at Maenace, near 
Malaga in Spain, the most famous was at the first site of civilization in France, 
Marseilles. It was from Marseilles tliat a Phocaean sea-captain, Pytheas, about 
300 B.C., made one of the great voyages of antiquity. Eluding the vigilance of 
the^ Carthaginians, who still at that date endeavoured to keep the Atlantic as 
their preserve, he slipped through the Pillars of Hercules and coasted north. 
His chief objective was the tin mines of Cornwall, which he visited and well 
describes. Pytheas was an educated man and a skilled astronomer, and his 
voyage was rich in scientific results. He was capable of discovering tliat the 
Pole Star is not situated exactly at the pole, and of determining the latitude 
of Marseilles to witliin a few minutes of the correct figure. His accurate obser¬ 
vations gave later geographers their reference points in plotting the map of 
northern and central Europe. . . . Scientific voyagers like Pytheas were 
capable of calculating latitudes astronomically, Longitude, however, remained 
a matter of dead-reckoning. 

The positive contributions of the Greeks to the advancement of new 
knowledge of nature are easy to exaggerate, and what useful discoveries they 
made belong to the earlier period and localities where they were in closest 
touch with the great trading centres of northern Palestine. It is only fair 
to say that the Ionian Greeks never made the claims to originality asaibed 
to their Attic successors by the lexicographers of later time. Democritus, the 
doyen of Greek materialism, has left us the following fragment which is 
eloquent of their debt to the past: 

Of all my contemporaries it is I who have traversed the greater part of tlie 
earth, visited the most distant regions, studied climates the most diverse 
c« the most varied, and listened to the most men. Thereis no one who 
has surpassed me m geometrical constructions and demonstrations, not even 
the geometers of Egypt, among whom I passed five full years of my life. 

tkl* Sre® Mtibufa of the Greek to the advance of knowledge was 
that they to* a decisive step away ftom the association of natural enauirv 
with nmal. They travdled. They were curious, and they recotdedte S 
of their travels in a language better fitted to precise description than the 
saipK of fte priesthood. Since iris always easier to separale wta^ 
^c ftom what IS real science in the culture of foreigners, they wel“e 
to disced some of the snpeistitions of their schoolmastets. Eventually to 
fell yicums to a practice which is no less pernicious than priesthood itself 
ik time passed the pntsuit of science and the art of maLnwics S 
shodd be Its servmt came to be regarded mote and more as mete recteation 
for a leisured and htigious class. They developed that inveterate belief in 
logie which IS tlie password of tile legal profession and tiie peril of science 

Matiiematicsbecamethe master instead 

by losing contact with the world’s work. ^ sterihzed 

It IS sometimes suggested that naturalism and political plulosophy 


Pompey^s Pillar 77 

flourished side by side as twin growths from the same soil of intellectual 
freedom. To a large extent they were chronologically and topographically 
separate. Aristotle, whose person symbolizes the fusion of positive science 
and political speculation, devoted much of his energy to verbal refutations 
of the sound experimental physics of his Ionian predecessors. Plato, 
who declared that all the works of Democritus ought to be burned, 
did not shrink from contemptuous references to astronomical observations 
or to the pioneer acoustical experiments of the Pythagoreans. The follow¬ 
ing {Republic, Book VII) is typical of the anti-scientific temper of Plato’s 
teaching: 

It makes no difierence whether a person stares stupidly at the sky, or looks 
with half-shut eyes upon the ground; so long as he is trying to study any sensible 
object, I deny tliat he cim ever be said to have learned anything, because no 
objects of sense admit the scientific treatment. . . . Do you not think that the 
genuine astronomer will . . . regard the heaven itself as framed by the 
heavenly architect? ... But as to the proportion which the day bears to the 
night, both to the montli, the month to the year, and the other stars to the sun 
and the moon, and to one anorher—will he not, tliink you, look down upon the 
man who believes such corporeal and visible objects to be changeless and exempt 
from all perturbations; and \yill he not hold it absurd to bestow extraordinary 
pains on the endeavour to apprehend their true relations ? 

Wc shall pursue astronomy with tlie help of problems just as wc pur.sue 
geometry but wc shall let the heavenly bodies alone, if it is our design to 
become really .acquainted with astronomy and by that means to convert the 
natural intelligence of the soul from a useless into a useful possession, . , . 
You can scarcely be ignorant that harmony also is treated just like astronomy 
in this, tliat its professors like tlie astronomers are content to measure the notes 
and concords distinguished by the ear one against another, and therefore toil 
without result. Yes, indeed, they make themselves ridiculous. They talk about 
“repetitions” arid apply their ears closely, as if they were bent on extracting 
a note from their neighbours; and then one party asserts tliat an intermediate 
sound can still be detected, which is the smallest interval, and ought to be tlic 
unit of measure; while the other party contends that now tlie sounds are 
idciitical—both alike postponing their reason to their ears, . . . They act like 
tlie astronomers, that is, tlicy investigate the numerical relations subsisting 
between these audible concords, but they refuse to apply themselves to problems 
with the object of examining what numbers arc, and what numbers are not, 
consonant, and what is the reason of the difference ... a work useful in tlic 
search after the beautiful and the good, though useless if pursued with 
other ends. 

From this morass of metaphysical disputation, into which the secular 
knowledge received by the Attic Greeks from their Ionian predecessors 
had fallen, the culture of classical antiquity was rescued by the brutal realities 
of war. The conquests of Alexander brought new opportunities of intellectual 
intercourse, new contacts with the world’s affairs, and led to the foundation 
of a cosmopolitan centre of learning near the site of the greatest Egyptian 
triumphs of architecture and irrigation. Alexandria became a foremost centre 
of Mediterranean shipping, The daily record of a ship’s progress which is 
put up in the saloon of a modern liner is part of the cultural debt which we 
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owe to the brilliant efflorescence of discoveries made in Alexaiidria during 
the three centuries wliicli preceded the beginning of the Christian era, and 
die three centuries before Rome licensed the monks to loot the treasury of 
pagan science. f 

We have seen that the cardinal achievement of the priesdy culture of the 
great calendar civilizations was die discovery of the year. The determiiiadon 
of the year eutaOed careful daily measurement of the sun’s shadow and the 
bearings of the stars in the night sky. In making diese measurements men 
blundered into the recognidon of certain physical constants which provide 
a sciendiic basis for fixing our position in the universe of stars and upon 
the earth’s surface. Three fundamental relations to which we have already 
directed attention are the altitude of the pole, the tilt of the plane of the sun’s 
apparent track on the equinoxes, and the inclination of the ecliptic to the 
equator. The knowledge of these relations gives us all that we require to 
estimate the northerly or southerly position of an observer with reference to 
the poles or the equator, and divides die earth into three zones with charac¬ 
teristic seasonal phenomena on either side of the equator. These are the 
frigid (^ctic or Antarctic), temperate, and tropical regions. A fourth 
uniformity, the constant difference of hour angle beftveen the transit of two 
stats, gives us some of the information from which we can determine our 
position east or west of any fixed line from pole to pole. 

The full significance of none of these relations could emerge until it was 
possible to draw comparisons between observations made at different places 
and to sift what was purely local information about shadow, star bearings, 
and seasons, fi-om facts which are common ground to people inhabiting 
Merent parts of die world. Without doubt by far the most difficult step in 
ffljs advance was to understand the geographical meaning of the time relations 
of heavenly bodies. Today it is easy enough to establish 
i® toed. There is no difficulty in 
deK«g within a TOnte the exact tune at which the sun crosses the 
Nooffm^ hme-made apparatus like that shown in Fig. 22. 
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meridian). That local noon is behind noon at another place, e.g. (irecnwidi, 
means that when it is noon at the latter we have still to go some distance 
before our meridian reaches the sun--or alternatively the .sun has still to 
travel westwards some distance to reach our meridian. In other words, we 
are west of it. If local noon occurs 211 minutes after Greenwich nmin, the 


earth has to rotate eastwards through an angle of to Isritig the 

sun to our meridian after crossing the meridian at Greenwich. This angle is 
our west longitude. So we have the following simple rule lor determining 
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they had no means of maintaining a continuous record of time over a 
long journey. The way in which they escaped from this limitation is 
not difficult to reconstruct, because we know the methods^ which were first 
used to determine terrestrial longitude. Although many of the hypotheses 
framed by the first civilized men about the influence of the heavenly bodies 
are now discarded as magical, they led people to observe phenomena which 
proved to be of great use to their successors in a different social setting. 
In particular the study of eclipses as events of august omen focussed close 
attention on the behaviour of the moon. Aside from eclipses, the moon’s 
course displayed other circumstances which were highly portentous. As it 
moves through its orbit, it may intercept the visibility of other heavenly 
bodies, in particular the planets which move near the plane of the ecliptic 
and the moon’s orbit. Thus there will be an occultation of Mars, i.e. Mars 



VI a.mv 


Fig. 37.--F1NDING Lougitudb by a Lunar Eclipse 
The figure is drawn like Fig. 36 with the South Pole nearest to the observer, so that 
you see the meridians of the places named. The places ffiemselves, being in the 
northern hemisphere, are not seen, 

will disappear behind the moon’s disc, from time to time, just as at times 
the sun would seem to move behind the moon’s disc in a solar eclipse. The 
care bestowed on the study of eclipses and occultations has outlived con¬ 
fidence in the political and personal effects attributed to them. So also the 
usefulness of observations with the spectroscope may well outlast the wave 
theory of light and the ether. People observed them and were able to know 
when they would occur at a particular place. Anyone who possessed an 
hom-glass at another place could watch for them and record the interval 
which elapsed between an eclipse or occultation and the foregoing noon. 

The illustration in Fig. 37 will make this clear. If a lunar eclipse is seen 
at 6.58 p.m. by Greenwich local time, you would see tlie moon’s disc entering 
the earth’s shadow cone at Aden just before nine o’clock (8.58) according 
to a watch set by the Aden sundial. You would therefore be (8.58-6.68)=3 
hours front of Greenwich time, and therefore you could conclude that 
Aden is 3 x 15 = 45“ East of Greenwich. The mariner who possesses an 
anac giving the local time at which an eclipse or other celestial signal 
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will occur at one place, can tliereforc obtain his longitude by recording the 
local time of its ocairrence where he is. According to Marguet {Histoire de 
la Longitude de laJAcr au XVHI siide en France), Columbus looked out for 
a port of anchor at Haiti for observing at rest die conjunction of sun and 
moon on January 13, 1493. Bensaude {VAUmiomie Nautique au Portugal 
d Npoque des grandes dkouvertei] tells us that Amerigo Vespucci found the 
difference of longitude between Venezuela and Cadiz in 1499 by observation 
of a lunar eclipse. 

In his book The Geographical Lore of the Time of the Crusades, J. K. Wright 
tells us how the Alexandrians, equipped with neither chronometers nor 
wireless signals, relied on this method of finding longitude to construct the 
first true maps: 

Eratosthenes, Hipparchus, Pliny, and Ptolemy all understood that It may be 
found by observing the time of eclipses in different localities, Hipparchus 
believed that an extensive series of observations should be carried out in order 
to ascertain, by mathematical and astronomical means alone, latitudes and 
longitudes of a large number of places. To facilitate such a survey he prepared 
tables of lunar eclipses and tables to aid in tlie determination of latitudes, but 
the practical difficulties of the undertaking were too great and tlte work was 
never completed. In fact, throughout antiquity the total number of places 
whose position had thus been accurately determined probably does not exceed 
half a dozen, if it is as many. Pliny gives an account of two different occasions 
when observations were made of the same eclipse at two different places. He 
says that at the time of tlic battle of Arbela the moon was eclipsed at lire second 
hour of the night, when at the same hour It was rising in Sicily, He also speaks 
of an eclipse of the sun that was seen in Campania between the seventli and 
eightli hours and in Armenia between tlie eleventh and twelfth, indicating 
a difference in longitude of four hours, or 00“. The actual distance is no more 
than half of tliis. Ptolemy also cites the eclipse of 331 u.c. as giving the distance 
between Carthage and Arbela. . . , Much greater accuracy was atmined by 
the Arabs in their calculations of longitude and some of their figures were passed 
on to the Western world in astronomical tables during tlie twelfth and thirteentii 
centuries. 

The use of eclipses depends on being able to reckon when the sun, the earth, 
and the^moon will be in line wltli one another as seen at some particular 
place. 1 his means being able to calculate the relative positions of the sun 
and moon as seen from the earth by analysis of recorded observations. An 
analogous method depends on the fact that the moon retreats in its monthly 
course through approximately 360-f 30, or 12 degrees a day. So its position 
with reference to the fixed stars changes appreciably in a couple of hours, 
even as judged by the use of very simple instruments. Thus the moon is a 
clock winch registers short intervals of time, Once we have discovered how 
to map out the moon’s relation to the apparent rotation of the fixed stars, 
there are two different ways in which the moon’s motion may be used to 
compare local time with time at a standard observatory. 

The discovery of how to map the position of the heavenly bodies was 
therefore^a necessary preliminary to scientific earth survey. The wealth of 
astronomical knowledge amassed by tlie Alexandrian astronomers was not 
merely the by-product of idle curiosity, nor a lopsided hypertrophy of 
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leisure. In constructing the first maps tiiey vs'ere forced to rely on much more 
devious methods than we employ in an age of spring clocks. Getting a fairly 
good estimate of latitude inland in a.d. 1935 in the northern hemisphere is 
a very different thing from finding a latitude at sea on a particular day in the 
year 300 b.c. To begin witli, there was no bright star very near to the celestial 
pole at that date. Even today the presence of Polaris f from the North Pole 
does not help navigation in the southern hemisphere. The sun is often 
obscured by cloud at noon so tliat it is highly unsatisiactory to rely on one or 
even two methods for finding one’s bearings. The ait of navigation, or of 
overland survey for imperialist campaigns, has to make use of all the relevant 
information which any visible celestial object can provide. 

While important contributions to optics, mechanics, and medicine are 
to be credited to the Alexandrian culture, its supreme achievements are all 
related directly or indirectiy to the discovery of a scientific basis for earth 
survey. Alexandria was a centre of maritime trade. It was also a cosmopolitan 
product of Greek Imperialism, and thereafter the cultural Mecca of the 
Roman Empire. Knowledge of latitude grew out of the mariner’s practice 
of steering his course by the heavenly bodies and noticing the changing 
elevation of the Pols Star in coastal saihng northwards or southwards across 
the Mediterranean or beyond the Pillars of Hercules. Knowledge of longitude, 
as the previous citation suggests, came from the aits of war, and did not 
enter into the practice of navigation till a far later date. Estimates of long 
distances depended on information from imperialist campaigns. Scientific 
geography was in part a by-product of the practice of navigation, in part a 
by-product of imperial expansion; and it was made possible when the 
pre-easting lore of a ceremonial caste became the common possession of 
manltind. Brilliant innovations in mathematics arose in close relation to the 
s^e group of problems. The trigonometry of Archimedes and Hipparchus, 
me algebra of Theon and Diophantus, can be traced to the inadequacies of 
Platonic geometry and Greek arithmetic as instruments for hanHlttig the 
large-scale measurements which Alexandrian geodesy and astronomy 
entailed. ^ 

, The principal discoveries which form the basis of the Ptolemaic system 
may be taken under four headings; the measurement of the size of the earth, 
the construimon of universal star maps based on tlie principle of latitude 
and longitude, the introduction of latitude and longitude for terrestrial 
cartography, and the first estimates of the distances of the moon and sun 
rrora the earth. 

THE SIZE OF THE EARTH 

(c™ by Etatostoes 

Srrfthe 0000 Jwa 
^rored m a deep well near Syene just below the first cataract of the Nfie 
tropic rfCancer. The noon sun was therefore at the zenifo Me 
tl^ til! 600 miles due north, the obelisk shadow showed 

that the sun was 7| from the zenith. Since the aim’s rays are parallel, this 
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means that the arc, or as we now say the difference of latitude, between 

Syene and Alexandria is approrimatdiy 7|Vi.e/7|-f3(IO = i of^ti 

entte earth’s circintiferace. Hence, the difference between jnj 

Syene (apprmmately 600 miles) is i of the eiramrfetent» of the globe, So 
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based on the average day’s journey of an army on the march. The result 
agrees witliin 4 per cent with modern determinations. 

In his book, The World Machine, Carl Snyder quotes some other figures 
relative to early estimates of the earth’s size: '' 


There was a curious tradition, preserved by Achilles Tatius, that the 
Chaldeans had measured the earth in terms of a day’s march. They said if a 
man were able to walk steadily, and at a good pace, he would encompass the 
earth in one year. They counted that he would do 30 stadia (about 3 miles) 
an hour, and so computed the great chcle of the globe at 263,000 stadia, which 
was very close to the estimate made by Eratosthenes, . . . Eratosthenes’ 



How Poseidomiis measi^ed the circumference of the eartli. The difference between 
me zenith distances of the same star when measured at its meridian transit from two 
smnons IS the difference of laumde between the two stations. If one is due north 
of degrees in the arc of the earth’s circumference between 
SLTh Cmopus grazed the,horizon (Z.D.=90'’) at Rhodes die differ¬ 

ence m latitude between Alexandria and Rhodes was 90° - (Z.D. at Alexandria). 


figure was 230,000 (or 252,000); Hipparchus wished to increase this to 275,000* 
fixing it at 240,000 stadia according to Cleomedes, at 
180,000 accordmg to Strabo. This last figure was that adopted by Ptolemy, and 
this and odier errors of Ptolemy were the basis of Columbus’ belief that India 
was near. Had he known the true distance, possibly he never would have 
sailed. . . . Is It the impression that we have here merely an intellectual 
conception—that the m_e^g of it in no wise came home to any of the ancients 
_.tMt there was no vivid sense of new continents, new worlds to explore? 
Listen, then, to a passage of bid Strabo; he is telling of the ideas of Eratosthenes 

the same parallel (of the temperate zone), the remaining portion of which 
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parallel, measured as above in stadia (262,000) occupies more than a third of 
the whole circle; since die parallel drawn tlirough Atliens, in which we have 
taken die distances from India to Iberia, does not contain in die whole 200,000 
stadia.” 

To get his measured distance Poseidonius relied on mariners’ estimates 
of a straight course northwards across the Mediterranean. Like that of 
Eratosthenes, his method depends on the fact that the difference of latitude 
between two places is equivalent to the difference of zenith distance or 
altitude of the same heavenly body when it crosses the meridian (Fig. 39). 


Pole 



Fig. 40,—Small Circles of Latitude on the Terristhial and of Di'clination 
ON THE Celestial Sphere 

Just as latitude is the angle of elevadon north of the equator of a point on the earth’s 
is the angle of elevadon north of die celestial equator of a 
Latitudes and declinadons south of the, equatorial plane 
are thus recKonecl as negative, * 

Poseidonius measured the zenith distance of the star Canopus at Alexandria 
m on the island of Rhodes, situated roughly 360 miles nortli of the former. 
Canopus, after Sirius the brightest star in the sky, just grazes the horizon 
at Rhodes, and IS invisible further north. 

^ According to the best measurements, the earth’s diameter is 7,900 miles 
along the polar axis and 7,926*7 miles across the equator, The geometric 
meto of the two is 7,913*3 miles. The flattening at the poles about which 
we heard so much at school amounts to a difference of less than fifty miles 
between two axes. Thus the circumference along tlie Greenwich meridian 
IS X 7,913*3-24,860 miles, and along the equator, TT X 7,926* 7 « 24,902 

nailes. Once the size of the earth is known, it is an easy matter to calculate 
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the distance which separates any two places, if their latitude and longitude 
are also available. The position of a ship at sea with reference to any port 
can be calculated within a few yards. ^ 
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THE CONSTRUCTION OP A STAR MAP 

Today we are all brought up to use maps. An acquaintance with latitude 
2 citizen for eveiyday life in an 
S k communications over large distances. We shall ±erefore 

find It more easy to envisage the construction of a star map fromX” 
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have already learned in using an earth map. Imagine a long stick connecting 
the celestial^ sphere with the centre of the earth. If we rotate it (Fig. 48) in 
a great sem^icirde from pole to pole, it will trace out a meridian of longitude 
on tlie surface of the earth, and a corresponding semicircle which is called 
a meridian of right ascension on the celestial sphere. All observers on the same 
semicircle of longitude will have the same local time. They will ah see any 
celestial body of the same right ascension crossing the meridian at the same 
moment. The difference between the longitudes of any two observers wiU be 
the hour angle_ difference between the corresponding semicircles of right 
ascension coinciding with their celestial meridians at the same moment. If 
we imagme the stick to rotate (Fig. 40) so tliat it always cuts the earth’s surface 



observer + meridian zenid di/S Tu h 


a the same distance from the eqimtnr, it will trace out a circle of Imitndf on 

soh^A’s ttole aCdiclimlmm the celcsiM 

sphere. As tlie celestial sphere rotates around its axis in the nlfinf* of ci» 

eqmtor, my heavenly body on this circle of declination will be ran exactlv 

atermthwhatitaossesthernddianofanyobservetonthec^^^^^^ 

arde of terrestrial latitude. A star on any other declination circle will baJ 

If the decimations and right ascensions of the stars are tabulated wt 
«any one of them to find latitude (Ffa, 42 




88 Science for the Citizen 

To get the declination of a star in the northern hemisphere, find its altitude 
(measured from the north point) when it crosses the meridian; This will be 
its maximum altitude taken at intervals of a minute round about the time 
when its azimuth is nearly zero. Subtract the local altitudS of the Pole Star. 

Fig, 43.~Latitude, Declination, and Zenith Distance, at Meridian Transit 
In both parts of the following figure, COP = ZON, since COP is the right angle 
between the celestial equator and the polar axis, and ZON is the right angle between 
the zenith and the horizon. 



S O ^ K 

Star k irsmsits north of tk Zenith 
For a star (A) which transits nortlr of die zenith: 

COP-AOP = ZON-AOP 
i.e. Declin. = z.d. + Lat. 
or Lat. = Declin, - z.d. 



s 0 -n: 

Jtar B trarisite soirth of the Za'/iith 
For a star (B) which transits south of the zenith: 

COP - ZOP = ZON - ZOP 
i.e. Declin. + z.d. = Lat. 
or Declin. = Lat. - z.d. 

The first two formulae hold for bodi cases if zenith , distances south of the zenith are 
reckoned as negadve. 

This gives US its angular distance from the Pole Star, i.e. its north polar 
distance within 1®. To the same order of precision the declination is 
90° -N.P.D. (Fig. 24). The; error is due to the fact that tlie pole is not 
exactly located at the point round which the stars appear to revolve, Polaris 
itself describes a tiny circle of 1® round the true celestial pole. The mean of 
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two determhiations of the altitude of tlie Pole Star taken with an interval 
of six months at the same hour of the night gives a correct value. In principle 
this is what we should have to do, if we wanted to locate the pole of the 
southern hcmispllere, because there is no bright star near it, There was 
no bright star very near the north celestial pole in the time of Flipparchus. 
The altitude of the celestial pole (P), whether south or north (Fig. 44), is 
simply the average of the altitude (A) of any circumpolar star at its upper 
culmination and the altitude (a) of the same star at its lower culmination, i.e. 

P-KA-ffl) 



Fig, 44 

The celesdal pole is half-way between the positions of a circumpolar star at Its upper 
and lower culmmation. Hence the angle (B) between die celestial pole and a dreum- 
pojar star IS half the angle between its positions at lower and upper transit. So if the 
atatude of die ste at lower transit is a, and at upper transit A, A a -f' 2B. The 
observer s latitude IS die altitude of the celestial pole. 

Lat. = « -F B » a -I-H2B) 

« a + HA - a) = ha + a) 

Having got P, the south polar distance of any star whose meridian altitude 
is M, is M -- P, and its south decimation is 

90®-S.P.D. 

It will help you to visualize the meaning of declination if you see how 
the declination of a heavenly body affects its direction of rising, setting, 
transit, etc,, by considering tlie appearance of the heavens at some particular 
latitude, e.g. Lat, 60° N, in Figs. 46 and 46. You see for instance that tlie 
plane of the midsummer sun’s (decUn. = -(- 23H) apparent diurnal path cuts 
the horizon plane north of the midpoint between Ae north and soutli extremi¬ 
ties of the horizon, so tliat the sun rises and sets north of tlie east and west points 
between March Blst and September 23rd and transits on June 21st 2CH south 
of the zenith. Between September 23rd and March 2l8t the declination is nega¬ 
tive, being -T 231° on December 2l3t, and the sun rises and sets towards tlie 
south. It transits only 16f above the horizon at Lat, 60° N. on December 2Ist. 

■Without making any measurements at all, you can get a good estimate of 
your latitude (L) if you know the stars by name and have an almanac at hand. 
ThefoUowing simple deductions illustrated in Fig. 46 apply to latitudes north of 
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45® N. A corresponding figure will show you how to modify rules (a)} {h) and 
(c) for latitudes farther south. 

(fl) If the declination of a star is greater than + L°j the star is circum¬ 
polar and transits north of the zenith. r 

% If the declination of a star is exactly -j- L°j it is circumpolar and transits 
at the zenith. 

(c) If its declination lies between + L® and (90 - L)®, it is circumpolar 
and transits south. If its declination is exactly (90 - L)°, it just grazes the 
northern horizon at lower transit. i, 



Fig. 46 


The sun at latitude 60® N.ltrMsits on june 21st 26^® S.froin the zenith and 634® above 
horizm*^™ it transits only 164® above the southern 

(d) If its declination lies between (90 - L)® and 0®, it rises and sets north 
of the east and west points of the horizon, and transits south. 

(^)_ If its declination is exactly 0®, it rises and sets due east and west and 
transits south. 

Cf) If its declination lies between 0® and - (90 - L)®, it rises, sets, and 
transits towards the south. . 

. (g) If its declination is exactly - (90 ~ L)®, it Just grazes the soutliern 
horizon at upper transit. * 

“^siderations that a table of declinations fixes your 
wrth latitude, if you can distinguish any star which transits at the zenith, any 
m which just grazes the northern horizon at lower transit, or any star which 
alS?/ ho™. In a similar way, you c^n fiS^yo^CS 

latitude if you hve in the southern hemisphere. The previous figuro (Fie 461 

To nSh are reciprocally equivalent onaltemate solstices. 

“ «at differs dmes of 

year, you need to know its R.A. and tliat of the sun. From the diagram yon 
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will see that if a star has soutli declination, it will never, at the latitude specified, 
be above the horizon for half its diurnal course, i.e, twelve hours. This means 
that if it is a winter star, it will traverse its complete course over the horizon in 
less time than tlie tiuration of darkness wliich is then greater than twelve hours. 

io lay off the other coordinate of a star corresponding to longitude, we 
have to choose a base line in the heavens like the Greenwich meridian, which 
IS usually taken as 0“ for terrestrial position. The one chosen is the setni- 



Fig. 46 

At Latitude 00 ® N. 

fSr I® ^“cmpolar, and transits nortli of tlic zenith, 

Sm g) dec^ ion mctly 60, trans ts at tlie zemth and is also circumpolar! 

Star (c) dechnauon 40 (N.p.- 60“), transits south of die zenith at its upper cul- 

0 . grazes the horizon at its lower. 

^®°{inadon exactly 0®, rises due east and sets due west, transits south, 

Star (/) dechnauon less tlian 0®, greater than- 40®, rises in ihS.ear ets in 

the south-west and transits south, «,vuw 

Star (g) declination exactly - 4,0®, just grazes die horizon at transit.' 

circle of right ascension on which the sun lies at the exact moment when it 
crosses the equator on the vernal equinox (Figs. 47 and 48). Where the 
cq^uinodal mtersects with tlie ecliptic in the spring position of the sun is 
called the First Point of Aides, This is the celestial Greenwich. The Right 
Ascension of a star is the hour angle which separates it from the Right Ascen¬ 
sion circle wltidi passes through the First Point of Aries, It is measured 
eastwards. So it is obtained by subtracting the time* at which the First Point 
of Aries crosses the meridian from the time at which the star under observa¬ 
tion crosses the meridian, It is therefore usually given in hours rather than 

“ counting it'as solar for short periods is 
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degrees (15° = 1 honij or 1° = 4 mmutes). This practice may at first confiise 
youj because degreesj like hours, are divided into minutes and seconds. So it is 
always important when speaking of seconds or minutes to make sure whether 
units of time or angular measure are being used. The signs ' and " are used 
for angular minutes and seconds. 

For rough purposes the method of finding the R.A. of a star is therefore 
as follows. Determine the time at which any star crosses the meridian after 



Fig, 47 


Noon at Greenwich on March 21st. Showing relation of R.A., longitude, and time. 
At noon the R.A. meridian of the sun in the celestial sphere is in the same plane as 
the longitude meridian of the observer. If you are 30° W. of Greenwich the eartli must 
rotate through 30 or of a revolution, taking 2 hours, before your meridian is in 
the pJMe of the sun s, or the sun must appear to travel through 30° before its meridian 
IS in the same plane as yours. Hence your noon will be 2 hours behind Greenwich. 
A clock set by Greenwich toe will record 2 p.m. when the sun crosses your meridiam 
Le. at noon local tune. If the date is March 2lst when the sun’s R.A. is zero a star of 
right ascension _6 hours will cross the meridian at 6 p.m. local time. If it crossed at 
3 p.m. Greenwich toe your clock would be 2 hours slow by Greenwich, so your 
y de would be 30° W. The figure shows die anti-clockwise rotation of the staS 
looking northwards, so the south pole is nearest to you. 

sunset on the vernal equinox. The sun is approximately at the First Point 
of Aries at noon on that day. So the number of hours which elapse between 
noon and the time when the star crosses the meridian after sunset is approxi¬ 
mate its right ascension. If a star is not visible on the night Mowing noon 
on the vernal equinox, we have only to compare its time of transit at a 
convement season with that of one wHch is visible throughout the year, e.g. 
am Ursa Major. If it transits before the standard star, we subtract the 
difference from the R.A. of the latter. If it transits laterj we add the difference 
It It rams or the sky is overcast on the night following the vernal equinox, we 
can use the sun as our stodard star, taking its right ascension as 6 hours on 
and September 23rd, or 18 hours on December 21st, 

and so torth. Since the sun retreats eastwards through 360° in 365 days, its 


Pompey^s Pillar 93 

R.A, increases from 0° at the vernal equinox to 360° at the next by roughly 1° 
per day. 

Hence, if the R.A. of Betelgeuse is stated to be approximately 5 hours 
60 minutes, this means that Betelgeuse transits 6 hours 50 minutes after the 
First Point of Aries (T), or approximately at 6.50 p.m. on the day following 
the vernal equinox (Fig. 48). It will therefore be invisible at the time of 
transit since the sun has not quite set. A month earlier (30 days) the sun 
would not yet have reached in its amiual retreat eastward in the ecliptic, 
and its R.A. would be 300° - 30° = 330° approximately, or in time units 
22 hours. Thus the sun would transit 2 hours before T, and the star would 



R.A,Bh.(270°) 
DeeJh. 2345. 


Fw. 48 

The star shown (R. A. 6 htos) makes its transit above the meridkn at noon on June 21st 
and midnight on December 21st, i.c. it is a winter star like Betelgeuse, 

therefore cross the meridian 7 hours 60 minutes after the sun, It at 7.50 p m 
A star will transit at midnight when its R.A. differs from that of the sun by 
180, or 12 hours. Hence Betelgeuse would transit at midnight when the sun's 
R.A.18T7 hours 60 nuDutes, i.e.when the sun's R.A. is about 10 minutes 
b^d Its R.A. on December 21st. Since 10 minutes in time represents 
(10 -f 60) X 16 « 2|°, this is approximately 2| days before December 21st, 
i,e. about December 19th. * 

- Alternatively you can look on the R,A. of a star as a way of deietmining 
local tirae at night Thus, if the R.A. of Betdgeuse is given as 5 howi 
60 mmutesrand the date is November Ist, we can set a watch which has 
stopjjed by fmdmg the moment at which it crosses the meridlEn. On Novem- 
bet Ist, 89 days after the autumnal equinox (when the sun's R.A. is 12 hours 
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or 180°) the sun’s R.A. is approximately 219°, or hours=14 hours 

36 minutes. The sun therefore transits 24 hours — 14 hou{S 36 minutes = 9 
hours 24 minutes before T, or 15 hours 14 minutes before the star. When 
Betelgeuse transits the local time is therefore 15.14 p.m., or 3.14 a.m. You will 
see from this that a single glance at a table of R.A. teUs you whether a star 




Mir 


m- 


Fro. 49.-STAE AlAP (OR PLANISPHERE) TO ILLUSTRATE RELATION OF RIGHT ASCENSION 

„ ■ , TO Local time OF Transit 

orAri?sf If th?S® p A (through the First 

tsji * after tlie sun, i.e. Its local time of transit is (j) -x), Hence 

_ ^tar s R.A. - Sun’s R.A. = Local time of transit 

which is the same as 8 hours 61 iutes^ESfs’s^ n S tSS 

the sun transits 3 hours before sinH tVm^he figure shows that 

timeoftransitasstSSS^ 

m or aurnmn. That the R A 
of Betelgeuse IS 5 hours SO mmutes means that Betelgeuse occupies tiie same 
91 celestial sphere as the sun does approximately 10 ~ 4 or 

g days before June 21st (when its R.A. is 6 hours), i e about Tune 10 th 

K xr (ii sts 

In akmg the position of V as the sun’s position at noon on the vetml 
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equinox there is a small inaccuracy.* The way in which we actually determine 
the vernal equinox does not mean tliat the sun is exactly over the equator 
at local noon on tjjat day. Hence the sun is not exactly at the First Point of 
Aries when it crosses the meridian. The vernal equinox is chosen as the day 
on which the sun at noon is nearer to the plane of the equator than it is on 
the day before or the day after. It is exactly at the First Point of Aries at 
some time on the vernal equinox, that is to say, within 12 hours before noon 
or after noon. sSince it slips back eastwards at the rate of P’ per day of 24 
hours, the mcihod given does not involve an error of more than |° or 2 
minutes of time in right ascension. The sun’s right ascension at noon on 
the vernal equinox, therefore, lies between 23 hours 58 minutes and 
0 hour 2 minutes. With home-made instruments we can be very well satis- 



Fig, fid 


the equator. Above jm before March 1!)at, sun south of the equator, 

iunrtrM&ta “ "" 

lied with an error as small as tills. It only involves an error of I’’ in 
longimde. At the equator that means a distance of roughly {2w x 4,000) -h 
{2 X 360), or about 35 miles in a measurement round the earth. " 

For more accurate determination of the R.A. of a star we require to know 
when die sun “crosses the equator,” i.e. when it is exactly at the point when 
the ecliptic intersects with the equinoctial. Over the equator the sun ia highcM 
at noon on the equinox, being mth of the xenith (z.d, negative) on tlie day 
'prccedtag the vernal equmtix and north (z.d. posidve) on die day following it 
fWg. 50). Since die declimition of a heavenly body is its zd, m miridim transit 
■at the equator, the declination changes from negadve to positive through 
mo. m tune at which the sun crosses the equator can be found approximateiv 
ito. Suppose the declination of the sun by z.d. at noon is known for the day 
before and after the equinox, 80 that! 

Declination at noon March 20 th «* ~D 
Declination at noon March 22 nd « 

* Sec also footnote on p. 91, 
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In 48 hours the increase in declination is therefore: 

In I hours it is: « 


If t hours after noon on March 20th is die time when the sun crosses tlie 
equatotj the declination increases from ~ D to 0 in t hours, i.e. the increase 
isD. 

48D 


If the time is reckoned from noon on March 21st, it is 

,-uJ^ 

D "I" d 

Suppose, then, that the sun crosses jc hours after noon. In these a: (= t - 24) 
hours it advances east towards T at tlie rate of r or an hour angle of 4 minutes 
45? JiJ 

per day, i.e. it will be ^ = - minutes in tim units west of T at noon. Therefore 

T crosses the meridian ^ minutes after noon, and the sun’s R.A. at noon is 

- - minutes expressed in time units. This quantity wiU have to be added to 

the difference in sidereal time after noon when a star crosses the meridian to 
get its true RA. So if the time of transit of a star is T hours after noon on the 

equinox, its R.A. wiU be: T + (~^)=T-J. According to Whitaker’s 

Almanack) 1934, the declinations of the sun at noon were: 

March 20th — 19‘2 minutes (angular units) 

March 22nd -j" 28'2 minutes (angular units) 

Hence tlie time after noon March 21st when the sun crossed was: 

24(D-d) ~9 X 24 
D + d “ ~47T~ " 

it before noon or at 7.30 am on 

March 21st. Hence the time at which T crosses tlie meridian is 

4-5 . ■ 

mmutes = 45 seconds (approx.) 

befwe noon and the RA, of the sun at noon is 46 seconds. This must be ndderf 

It is important to bear in mind that mapping stars in this wav k 
in ma to ate them. The position of a star as shown on the star map has 


nothing to do with how far it is away from us. If you dug straight down 
following the plumbline, you would eventually reach the centre of the earthj 
and the bottom of a straight well, as viewed from the centre of the earth, 
if that were possible, would therefore be exactly in line with the top. It has 
the same latitude and longitude as the latter, tliough it is not so far away 
from the earths centre. The latitude or longitude of the bottom of a mine 
is the latitude and longitude of the spot where the line joining it with the 
centre of the earth, if continued upwards, cuts the earth’.s surface, So the 
dechnation and right ascension of a star measure the place where the line 
joining the earth’s centre and the star cuts an imaginary globe whose radius 
extends to the farthermost stars. In a total eclipse the sun and the moon 
have the same declination and R.A, just as the top and bottom of a mine 
have the same latitude and longitude. This means that the sun and moon 
are directly m line with the centre of the earth like the top and the bottom 
or a imne. If we are only concerned with the direction along which we have 
to look or tilt our telescope to see a star, we may tliercfore treat stars as if 
they were all placed on the smface of one and the same cclc.stial sphere. 


IfOWKIiTATION OF THE STAR MAP 

Having determined the relative positions of a suflicient number of bright 
stars-Hipparchus tabulated J,()80 fixed stars in 150 n.c.^wc can construct 
a star map hke that of the northern celestial hemisphere in Fig. 51. Such a 
map or plamspherc embodies in a compact form all the requisite data, set 
fshipTt se™ almanacs, for finding the position of 

To find latitude from the declination of any star which is near the meridian 
at the time when we require to know where we are, we make use of the 
simple rule explained in Fig. 43, i.e. 

Declination = Latitude + Z.D. or Latitude = Decimation — Z.D, 

To m^e this apply to all circumstances, it is necessary to reckon z.d. with 
opposite signs north and south of the zenith, and latitude or declination with 

ments are reckoned positive, south measurements negative. Thus, as vou will 

.=e from F«, 43, will, northern Wtodc, wo may S 

^pLavo*L=*D-r” 

ib) Star north of equator, south of the zenith: declination nositive ^ A 
negative: L = D + (^ 2), L « D1 2 ^ ^ 

(c) Sta^s^^^oftlieequatom 

For latitudes soutii of the equator the three correspoiKling cases are: 

(fl) Star north of die equator: decimation and z.d. both positive: 


The first hint of such a model sfiema tn i,a«o 
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(b) Star soutli of die equator, north of the zenith: declination negative 

and z.d. positive: (— L) = (— D) + Z, L = D - Z 

(c) Star south of equator and zenith: declination and z^, both negative: 

(_ L) = (— D) “• (— Z), .*, L = D — Z 

If we Itnow the declination circle of any star on the star map, we have 
only to determine its zenith distance at meridian transit to obtain our lati- 

l£rdi2l 


Y 



■ Sept2j 
Fig. 61 

Star map or planisphere showing the position of a few of the principal starsl'and 
constellations in the northern celestial nemisphere in circles of declination and radii 
of right ascension, The sun’s track in the ecliptic and its position at the solstices and 
equinoxes are also shown. 

tude. For example, on a certain night the altitude of the star a in Cassiopeia 
from the northern horizon was found to be 83° 10' at its upper culmination. 
The declination of a Cassiopeiae is given in the Nautical Almanac as 66° 11'. 
From the observed meridian altitude the zenith distance of the star at the 
ship’s latitude is found to be 90° - 83° 10' = -|- 6° 60'. Since 

Latitude = Declination ““ Z.D, 

the latitude of the ship was 


66 ° 11'- 6° 60'«= 49° 21'N, 
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Now Aat we have clocks, the determination of longitude may be illustrated 
by the following example in which the data given are not very accurate. 
On January 21st star Betelgeuse is seen crossing the meridian when 
toe ships chronometer (Greenwich Mean Time) registers 11.30 pm The 
R.A of Betelgeuse is 6 hours 62 minutes (to toe nearest minute). Hence 
Betelgeuse crosses the meridian 6 hours 62 minutes after Y. If we are without 
an almanac we can make a rough estimate of our longitude as follows, On 
January 21st the sun has moved through of its apparent annual retreat 
smce December 21st, when its R.A. is 18 hours. So toe R.A. of the sun on 
J^iiary 21st is approximately 20 hours; and T crosses the meridian 4 hours 
tfter toe sun, i.e. at 4 p.m. Hence Betelgeuse crosses toe meridian at 
5 hours 62 minutes + 4 hours = 9 hours 62 minutes after local noon. So 
by local ume its time of transit is 9.62 p.m. Neglecting the “equation of 

time, loca time is therefore 1 hour 38 minutes or If hours behind Green- 

wito, and the ship is approximately If x 15° = 26“ W. of Greenwich 

The almanac for 1937 teHs m that the sun’s noon R.A. at Greenwich on 
^uaiy 21st is 20 hours 13 mhnites. So its E.A. at 11.30 p.m. is about 
20 hours lo minutes; and toe local time at which Betelgeuse transits is 3 hours 
46 minutes + 6 hours 62 minutes, i.e. 9 hours 37 minutes. The almanac 
mso states that we must add 11 minutes 24 seconds (“equation of time”) to 
apparent” (i.e. sundial) time to get mean time. We must therefore take away 
11 minutes 24 seconds from toe chronometer time to get true solar local 
toe at Greenwich, Hence toe Greenwich solar time of transit is 11 hours 
19 mmutes. Thus the ship’s time is 11 hours 19 minutes-9 hours 37 minutes 
— 1 hour 42 mmutes slow. Counting 4 mmutes as equivalent to one degree a 

more accurate estmiate of toe longitude is therefore= 25|° W. 

^ From tliese examples you will see toat with modem methods of recording 
toe, a ship’s position can be determined at noon, sunset, midnight, and 
tonse, or at any hour between sunset and sunrise, if toe weather is fine. 
When toe sky is overcast so that the familiar constellations are difficult to 
reco^ze, the star map also helps us to locate a particular star in a favourable 
position for observation, provided we already know our approximate bearings 
by a recent determination. In navigation the exact moment of transit of a 
star IS not easy to record. It is usual to note die times when tlie star has the 
sm altitude before and after transit, i.e. east and west of the meridian. The 
time of transit is midway between. 

Looking at toe map in Fig. 61 you will see toat the summer star Arcturus 
of Browning’s poem lies near toe right ascension line XIV, i.e. it comes 
on the meridian about 2 a.m. on March 21st, about midmght April 21st, 
about 8 p.m. (or about sunset) on June 21st. On October 28th it is on the 
meridian about noon. So it will not be visible high.in toe heavens at any 
time on the latter date. To get a picture of its hours of rising and setting, 
we can make a rough construction by taking into account its declination 
circle (approximately 20°). The diagram (Fig. ,52) shows that the sun rises 
m sets about 7 a.m. and 6 p.m. respectively Arcturus rises and sets at 
4 a.m* and 8 p.m, respectively. So Arcturus wiU be visible in the eastern 
sky for three hours before sunrise and in toe western sky after sunset; 





100 Science for the Citizen 

The use of the star map to determine the azimuths of rising and setting, 
as also the times of rising and setting at different seasons, will be set forth 
more fully in Chapter IV, p, 196. The method of finding the moon’s R.A, 
and declination on days of the month, when it does not transit after dark, 
will also be explained in the same context. What has been said about Arcturus 
suffices to illustrate the most characteristic features of tlie lunar cycle. The 
moon’s R.A. increases- by 360 degrees in a period a little less (Fig. .63) than an 
ordinary month reckoned from new moon to new moon. It has to move through 
a little more than 360° to catch up witlt the sun, because the sun’s R.A. is 
slowly increasing at about one-twelfth die rate at wliich the moon recedes 
eastwards among the stars. If the moon’s retreat eastwards occurred in the plane 
of the celestial equator, it would rise due east at noon, transit at 6 p.m. and set 



Fig. 62 

CoDsttuction to show how the times of rising and setting of a star (Arcturus) can be 
deduced from its declination (20° N.) at a particular latimde (60° N.) on a particular 
day of the year (October 28th). 


duewest at midnight on the first quarter day; rise due east at 6 p.m., transit at 
midnight and set due west at 6 a.m. when M; rise due east at midnight, transit 
at 6 a.m, and set due west at noon on tlie last quarter day. The time and direction 
of rising and settmg in the various phases of the moon vary from month to 
month because the moon retreats in an oblique path, like that of the sun, 
among tlie zodiacal constellations. As will be explained below (see also Fig. 63), 
the trace of the moon’s cycle on the star map lies very close to the ecliptic. So 
the moon’s cycle exhibits certain analogies with that of the sun. 

In a northern latitude a star with north declination like Arcturus traces a 
wider arc above the horizon than a star with south declination like Sirius, the 
interval between rising and settmg being more than 12 hours for a nprtlierly 
and less than 12 hours for a southerly star. Since the sun remains longer above 
the horizon when it lies in the same direction as the nortlierly constellations of 
the Zodiac during the summer months, summer days are longer than those of 


lOI 
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the winter. When tlie sun is in Aries or Libra (using the terras in tlieir historic 
sense, see p. 04), its declination is changing veiy rapidly. When in Cancer or 
Capricorn it is apparently retreating in a direction approximately parallel to 
the equator, and honce its declination is cffirnging less rapidly. For diis reason 
the lengtli of day and night changes very little about tlie time of the solstices 
and more noticeably during spring and autumn, when the days are said to be 
“drawing out” or “drawing in.” 

Since the moon takes longer to get back to tlie same position relative to the 
sun (difference between sun’s R.A. and moon’s R.A. 360°) than to regain its 
former position among tlie fixed stars (moon’s R.A. increased by 360°) the 
moon’s station in tlie zodiacal belt at any particular phase (position relative 
to the sun) is not the same in two successive months, and since its nortlierly 
declination is increasing most rapidly when it is in Aries, the “moon day” 
is drawing out, i.e. tlie duration of its passage above the horizon is increasing 
most rapidly at this stage in its eastward retreat. Tliis means that die time 
of rising on the succeeding night is not so much later as it would be if die 
moon retreated in a plane parallel to diat of the equator. Conversely die in¬ 
terval between sunset and moonrise on successive nights increases radier 
quickly when the moon is in Libra, since the moon’s declination is then de¬ 
creasing most rapidly. Since full moon occurs when die moon’s R.A, differs 
from that of die sun by 180°, the full moon is in Aries when the sun is in 
Libra, i.e. at the autumn equinox. About the full moon (“harvest moon”) near 
the autumn equinox the time of mooni'ise changes very litde on successive 
nights. So the interval between sunset and moonrise just after full moon 
changes very little, and there is a relatively long period during which the moon 
is high in the heavens for the greater part of the night. 

Careful observation of the lunar cycle was a task of great social importance 
while calcndrical practice adliered to the chimerical attempt to square the 
primitive lunar calendar of a hunting and food-gathering stage in social 
evolution with the stellar or solar calendar of a settied agrarian economy. 
The maritime Greeks (see p. (id) started off with a far more primitive 
calendar than that of the Egyptians; and lliisfact may have contributed to 
the fruitful fusion of navigational astronomy with calendrical practice. At a 
later date lunar tables had also to be composed for calculation of longitude. It 
will help you to understand how they are made, and, later on, to calculate the 
position of die planets, if you plot tlie moon’s apparent track from one of 
the ephemerides sold for astrologicaL amusement, or from Whitaker's 
Almanack^ as in Fig. 53. This gives its position on the star map from 
January 3rd to 30th in the year 1S94. New moon occurs when the moon’s 
R.A. is the same as the sun’s, full moon when it differs from that of the sun 
by 180°. We find from Whitaker that the moon and the sun have the same 
R.A. at some time between noon and midnight on January 7th of the month 
plotted in the figure. The following figures are for midnight, the values 
given in time units being turned into degrees, and obtained by taking the 
average for successive noons. 

Sun’.s R.A. (S) Moon’s R.A. (M) Djffcfence 
(midnight) tmidnighd (S-M) 

January 6th 288| 287| + I 

January 7th 289i 300| -U 
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The sun’s R.A. exceeded that of the moon by roughly T at midnight on 
the 6 th. By midnight on the 7th the moon’s R.A. exceeded the sun’s by 
roughly 11 ®. Hence new moon occurred in the early hours of the morning 


Tirstpciw^ ' ■ 
ofMay cp 



Fig. 63 

represented in the star map in the course of a sidereal month 
mdTStJ2rfh°“® at positions occupied by tlie moon late on January 14th 


on January 7th. Full moon occurred soon after noon on January 21st, Thus 

using midnight values as before, r/iiMer gives: 


Sun’s R.A. 

January 20 th 303J 

January 21 st 304f 


Moon’s R.A. Difference 

114| -t -1881 

130| +1731 


The next new moon occurred in the evening of Februaty 6 th. Thus: 

Sun s R.A. Moon’s R.A. Difference 
Jebruary4th 319| 3091 + 9 | 

Februaryhih 320+ 321| -.l| 
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This shows that the period which separates one new moon from the next 
is between 29 and 30 days. The average of many determinations shows that 
it is almost exactly 29| days. 

The interval bi^een two new moons when the sun, moon, and earth 
are in the same line, is called the ordinary or synodic month. The synodic 
month is not the same as the time taken by the moon to revolve in its orbit, 
This time—the sidereal month—is the time in which the moon gets back to 
the same position with reference to the fixed stars, i.e. the time taken for its 
R.A. to increase by 360°, so that it has the same value. The synodic month is 
longer than the sidereal because the sun’s R.A. increases in the course of 
the month. When the moon’s R.A. is the same as what it was at tlie last new 
moon, the sun’s R.A. is greater. Hence, the moon has to move farther to 
catch it up. The figure shows you that the sidereal month is just over 27 
days. Daily record of its R.A. shows that values recur at average intervals 
of almost exactly 27 J days. The exact time at which the moon regains the 
same R.A. can be easily interpolated from daily records of its transit; and 
since we know the sun’s daily change in R.A., we can easily deduce the exact 
toe of the new moon. The exact toe of recurrence of two new moons, 
i.e. the length of the synodic month, is connected witli the length of the 
sidereal month by a very simple formula. The sun moves through 360® of 
R.A. in Y days (one The moon moves through 360" of R.A, in S days 
(one sidereal month) and gains 360° on the sun, so that they both have the 
same R.A. in M days (one synodic month). Thus, 

360° 

in one day the sun’s R.A. increases — 

360° 

in one day the moon’s R.A. increases >- 5 - 

o 

360° 

in one day the moon’s R.A. gains on the sun’s by — 

u 

OgAO 

But in one day the moon gains in R.A. ~— 

M 

360 m 360 

M "" s T 

. _ 1 1 
M"I Y 

IfSis27|andYis 366|; 

i 1 

■■ M* 82 “1461 
M-29|^prox.) 

The same figure also shows us the nodes where sun and moon have the 
same declinatiou corresponding to the same R.A, Since edipses can only 
ocau if the moon is near a node, and when tlie sun’s R.A. is the same as that 
of the moon (solar eclipse) or dift'ers from it by 180° (lunar eclipse), we can 
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calculate the time of eclipses by observations of this kind. Repeated records 
show that the position of the moon’s node rotates along the ecliptic in accord¬ 
ance with tile rule empirically discovered by the Sumerian priests (p, 46). 

By knowing the exact length of the sidereal month wG can calculate the 
time of an occultation. A star or planet will hide behind the moon’s disc at 
the day and hour when its R.A. agrees witli that of the moon and its declina¬ 
tion does not diflfer from that of the moon by more than half the angular 
difference of the two edges of the latter. The angular diameter of the moon 
is almost exactly f (i.e. we have to turn a telescope through f to focus the 
two edges successively at the centre). To make such forecasts far ahead it 
is also necessary to take into account the rotation of the nodes. If we have 
tables of the moon’s R.A. and declination on a given date at some stated 
longitude, we can compare the time of local noon with noon at the stated 
longitude by noting the interval which elapses between local noon and the 
time when the moon has the R.A. or declination tabulated for a particular 
hour. 

The principle which was refined for use in British navigation by Newton, 
underlies ±e so-called “method of lunar distance.” It is referred to in a 
twelfth-century treatise by the monli: Gerard of Cremona, who translated 
several Arabic versions of the Alexandrian astronomical works. Gerard (cited 
by Wright, /j/s, vol. v, p. 83) states: 

_ When the moon is on the meridian, if you compare her position with that 
given in the lunar tables for some other locality, you may determine the differ¬ 
ence in longitude between die place where you are and that for which die lunar 
tables were constructed by noting the differences in the position of the moon 
as actually observed and recorded in the tables. It will not be necessary for you 
to wait for an eclipse. 

Portuguese ships, which carried Jewish astronomers schooled in the 
Arabic cartography, already practised this method in the fifteenth century. 
In an early sixteenA-century treatise on navigation elucidated by Professor 
E. R. G. Taylor, we find a reference to its use by the seamen of Dieppe. 
The passage is worth quoting, because it shows die eagerness with which 
mediaeval shipping everywhere made claim to astronomical science (cited 
fiom Geographical 

The cartographical work of Jean Rotz is typical of the French school of 
the fourdi and fifth decades of die sixteenth century (e.g. Desceliers, Vallard),* 
nor is his treatise on: Nautical Science unique, save in its suiwival. . . . The- 
tide runs: “Treatise on the variation of the magnetic compass and of certain 
notable errors of navigation hitherto unknown, very useful and necessary to 
all pilots and mariners. Composed by Jan Rotz, native of Dieppe, in the year 
1642.” ... In a long and flattering preface to the King, the writer says 
that he comes before him not empty-handed, but bearing a book and an instru¬ 
ment for his acceptance: the book composed for all those who wish to taste the 
pleasant fruits of Astrology and Marine Science. , . . The third part treats 
of the construction and use of the instrument, which the inventor calls a 
Differential Quadrant. Actually it is one of the precursors of the theodolite, 
and a very elaborate one. The large magnetic compass set in the horizontal 
circle suggests a marine origin, and it may be compared with the contemporary 
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instiuments designed for taking horizontal bearings by such landsmen as the 
brothers Arsenius, which were orientated by tiny compasses inset on the 
margin. Like Waldseemuller’s Polymetrmn, Rotz’ instrument could take a 
combined dtirude and azimuth, but its prime purpose was for the accurate 
determination of the variation of the compass.... He gives two supposititious 
examples of longitude determination, as follows: “je dycts que le 15" de 
Janvier 1629, moy estant dessus la mer voulus scavoir la distance de mon 
meridien au meridien dulme.” At sunrise, then, which occurred at eight o’clock, 
he took his astronomer’s staff “diet par les mariners esbalester” and measured 
the distance between tlie sun and moon, finding it 41°. Two folios of compli¬ 
cated calculations follow, and finally, taking Uhn to be in 47° N., 30° 20'E, 
the required longitude is found to be 180° E. of Ferro, i.e. somewhere east 
of the Moluccas. Using in the second example the moon and a fixed star, he 
says, “Moi estant sur la mer veulant scavoir la distance de raon meridien de 
Dieppe, premierement je rectifies mes ephemerides ou tables dalphonse au 
meridien de dieppe at puis je regai-d le vrai hen de la lune pour ung certaine 
heure de la nuyt,” namely ten o’clock, when he finds it 16° in Taurus, and 
determines its declination. He also finds the right ascension of the star Aldebaraii 
“aprez toutes rectifications faictes destiez” 2° 18' in Gemini, and its declina¬ 
tion 16° 65' N; “Et notte ycy ung poinct cest qufi est necessite que tu rectifies 
ton heure par en moyen des equations des heures mis aux tables dalphonse on 
aux ephemerides.” Again, a couple of folios are occupied by computations, 
and the longitude works out as 229° 30' E., or somewhere in mid-Pacific. 

Tltis Dieppe seaman had no reason to complain of his personal reward at tlie 
King’s hands. He was taken into the royal service, and described himself as 
“servant of the King” in the Boke of Ydrography (written in English), tlie 
preparation of which was his first official duty. At Michaelmas in 1642j he 
received a payment of £20, being one-half of an annuity of £40, tlien a very 
considerable sum, while on October 7th of tlie same year he was granted papers 
of denization for himself, his wife and cliildren. 

CULTURAL FRUITS OF THE ALEXANDRIAN STAR MAPS 

The star maps of ffipparchus (c. 160 b.c.) differed in one particular 
from those which are usually used today. They showed the star’s position 
(see Chapter IV, p. 220) in circles like circles of declination dravm parallel to 
the ecliptic instead of the .equator, and meridians radiating from the pole 
of the ecliptic plane. When the plane of the ecliptic is used instead of the 
equator, the angles corresponding to right ascension and decimation are 
called celestial longitude and celestial latitude. The reason for choosing the 
ecliptic was that the moon and planets all revolve very nearly in the same 
plane as the sun’s apparent track. The reason for preferring the equator is 
first that right ascension and declination are related in a simple way to 
longimde and latitude on the earth itself, and second that the determination 
of right ascension and declination involves no elaborate calculation when 
the times and altitudes of meridian transits have been recorded. 

The first consideration was not obvious when star maps were introduced. 
Latitude and longitude were originally devised to describe the relative 
positions of objects on the celestial sphere. It was a short step to the recog¬ 
nition that the earth itself can be divided into similar zones with simple 
relations to the fixed stars. Maxinus of Tyre is credited with the preparation 

D* 
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of the first terrestrial map in which meridians of longitude and parallels 
of latitude were laid down. One immense cultural benefit of this was the 
extent to which it broadened man’s Imowledge of the habitable earth. You 
will appreciate this by comparing (Fig. 36) the world picture of the Greeks 
with Aat of Ptolemy (c. 200 a.d.), who garnered the fruits of Alexandrian 
astronomy in a work which usually bears the name of its Arabic translation. 
Jewish scholars, who sustained the traditions of the Moorish universities 
of Toledo, Cordova, and Seville, after the Christian conquerors had replaced 
the public baths by the odour of sanctity, handed on the Almagest to 
European na,vigators. 

At first sight it might seem strange that in exploration the achievements 
of the Alexandrians and the Arabs, who kept astronomy alive in the dark 
ages of Faith, were so small as compared with those'of their pupils in the 
fifteenth and sixteenth centuries. For several reasons there was an inescapable 
lag between the theoretical equipment which Alexandrian science bequeathed 
and its full use in navigation. One is that the Alexandrians had no convenient 
portable instrument for recording rime. On land, crude measurements of 
longitude could be made by lunar methods with the help of hour-glasses or 
water-clocks., At sea, metliods of detemiining longitude known in antiquity 
could not be used. The need for seeking out new methods did not become an 
acute technological problem so long as a large part of the globe could still 
be explored by sailing close to the coast. 

In the great voyages associated with the names of the pharaoh Necho, 
and with the Carthaginian Hanno in antiquity, knowledge of latitude was 
adequate for the purpose of locating a place, because all the long distance 
expeditions of antiquity steered a northerly-southerly course along a coast¬ 
line. The same remark applies, to the early expeditions of the Portuguese 
and Dieppe shipping guilds. The need to determine longitude became a 
real and acute one when the international exchange economy entered on 
its last phase at the end of the sixteenth century. Oarless ships Aen ventured 
out into the uncharted west far beyond the sight of land, equipped with 
wheel-driven docks. To be sure, they were clumsy and inaccurate instnunents 
accordiog to our standards, yet an immense convenience when compared 
with hour-glasses. The ships of Columbus, Vespued, and Magellan had to 
. put into port to take a bearing in longitude. None the less, what observations 
they succeeded in recording introduced a new assurance into navigation 
and created the technological problem which in turn stimulated the develop¬ 
ment of optics, dynamics, and terrestrial magnetism. 

A passage in Hakluyt’s voyages is worth quoting to emphasize the import¬ 
ance of the new orientation which transatiautic navigation involved. It 
occurs in a letter of Thomas Stevens from Goa in 1679: 

Being passed the line, they cannot straightway go the next way to the 
promontoryj but according to the winde, they draw alwayes as neere South 
as they can to put themselves in the latitude of the point, which is 36 degrees 
and a halfe, and then they take their course towards the East, and so compasse 
the point. But the Winde served us so that at 33 degrees we did direct our 
course towards the point or promontory of Good Hope. You know that it is 
hard to saile from East to West or contrary, because there is no fixed point in 
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all the skie, whereby they may direct their course, wherefore I shall tell you 
what helps God provided for these men. There is not fowle that appereth, 
or signe in the aire, or in the sea, which they have not written, which have made 
tlie voyages heretofore. Wherefore partly by their owne experience ... and 
partly by tlie experience of others, whose books and navigations they have, 
they gesse whereabouts they be. 

By this date longitudes are mentioned frequently in the records of English 
expeditions contained in Hakluyt’s pages, Fifty years earher it is clear that 
English seamen were only familiar with the determination of latitudes; The 
ensuing passage from a letter written in 1527 by Robert Thorne to Ley, 



Fig. 64.—'The Astronomer Mapping ti-ie Heavens 
A woodcut from the title page of Messahalab, De Sekntia motus qrhis, printed by 
Weissenburger in 1604, 

ambassador of Henry VIII to the Emperor Charles, points to considerations 
of high politics conspiring with mere convenience to , promote rite study of 
longitude: 

Now for that these Islands of Splcery fall neere the terrae and Hmites 
bctweene these princes (for as by the sayd Card you may see they begin from 
one hundred and sixtie degrees of longitude, and ende in 216) it seemeth all 
that falleth from 160 to 1.80 degrees should be of Portingal: and all the rest 
of Spaine. And for that their Cosmographe and Pilots cbulde not agree in 
the situation of the sayde Islandes (for the Portin^ls set tliem all witliin 
their 180 degrees and the Spaniards set them all without) and for that in 
measuring, all the Cosmographers of both partes, or what other that ever 
have bene cannot give certaine order to measure the longitude of the worlde. 
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as they doe of the latitude; for tliat there is no starre fixed from East to West, 
as are the stanes of the Poles from North to South, but all moveth with the 
mooving divine; no raaner can bee founde howe certainely it may bee measured, 
but by conjectures, as tlie Navigants have esteemed the way Giey have gone. 

The influence which Ptolemy’s work exercised in the period which immedi¬ 
ately preceded the Great Navigations may be illustrated by a passage from 
Roger Bacon’s Opus Majus^ cited by Professor E. R. G. Taylor*: 

Again in the second book of the Almages he wrote that habitability is only 
known in respect of a quarter of the earth, namely that which we inhabit. . .. 
Whence it Mows that the eastern extremity of India is a great distance from 
us and from Spain, since it is so far from the Arabian Gulf to India. . . . And 
so in the two quarters beyond the equinoctial (i.e. the equator) there will also 
be much habitable land. 

In Pierre d’Ailly’s Imgo Mundi the passages which greatly influenced 
Columbus are mainly taken from Roger Bacon. In Roman Alexandria such 
possibilities could be entertained with a light heart. The temper of Bacon’s 
times was different. To quote from Professor Taylorf once more, 

many thinkers accepted the view found in the Be Situ Orhis of Pomponius 
Mela, namely, that a habitable region, girt about by ocean, was to be found in 
each of the temperate zones, separated by a torrid zone impassable because of 
the heat. Supposing this to be the case, and that the Anticthones acmally did 
exist, then these people were for ever cut off from the means of Salvation: it 
was for this reason tkt St. Augustine, in an oft-cited passage, condemned such 
a view as heretical. 

Another fact in the everyday life of ancient times made it difficult to 
exploit the discoveries of Alexandrian astronomers to the fullest e.xtent. 
Some celestial phenomena, e.g. the precession of the equinoxes or the 
motion of the moon’s nodes, cannot be detected during short periods of 
observation without very accurate instruments such as we possess today. 
Although the first of these was discovered by Hipparchus, there were many 
others which escaped attention till modern times. Hence, astronomical tables 
based on the principles we have dealt with so far, were liable to become out 
of date, i.e. inaccurate, in a comparatively short time. The older almanacs 
stood in need of constant revision. The introduction of prin ting into Europe 
on the threshold of the Great Navigations made it possible to maintain^^a 
fresh supply of almanacs for nautical use,:]; besides increasing the proportion 
of people who were able to use them and distributing the results of the latest 
calculations far and wide. Meanwhile the first printing presses were also 
busy with the distribution of commercial arithmetics which were replacing 
the laborious and devious methods of Greek arithmetic by the simpler 
modern system derived from the Arabs. 


Two other cultural by-products of the Alexandrian star maps are of very 


* Scottish Geographical Magazine, vol. xlvii, 1931, pp. 215-17, 
f Ibid., volxlvli, 1931, p. 79. > 

i The Mowing figures give the publication of almanacs for the years stated: 

uS" •• ? 1468-78 .. .. 44* 

U68-68 .. .. , . 1 U79-88 .. .. go 

1489-98 .. 110 
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great significance for tiie subsequent advance of human knowledge. The 
method of Hipparchus essentially corresponds to the kind of graphical repre¬ 
sentation which mathematicians call polar coordinates, aird flat maps of 
longitude and latitude essentially represent the more familiar way of plotting 
a graph in “Cartesian coordinates.” From tlie Almagest mediaeval Europe 
learned graphical methods. In the fourteenth century Oresraus was giving 
lectures at Prague on the use of “latitudines and longitudines” to show the 
track of a moving point. Cartesian geometry emerged from the same social 
context as modern cartography. Aexandrian astronomy also precipitated a 
more decisive departure from tlie sterile tradition of Platonic geometry. From 
Euclid, the first teacher of Aexandrian mathematics, the Alexandrians had 





Fig. 55.—Albrecht Dureu’s Woodcut of the Southern Celestial IIemispheri! 
—FROM THE Geographical Works of Johann Stabius, 151,6, Professor of Mathe¬ 
matics at Vienna and Astronomer to the Emperor 

Note Orion containing the bright stars Rigel and Betelgeuse, Canisminor with the 
bright star Procyon, Cards major with die brightest star Sirius, are visible in the 
latitude of London. Argo witli Canopus, the second brightest star in tlie heavens, is not 

received Plato’s idealistic doctrine tliat mathematics should be cultivated as 
an aid to spiritual refinement. The first measurements of celestial distances 
sufficed to show the clumsiness of the Platonic methods. The stubborn realities 
of the material world forced them to refinements which resulted in cultivating 
new methods. Hipparchus compiled the first trigonometi’kal table—a table of 
sines. ThencefortlT Plato’s geometry was an anachronism. Witli tlie aid of 
six or, at most, twelve of its propositions, we can,build up the whole of trigo¬ 
nometry and the Cartesian metiiods. Unfortunately the curriculum of our 
gramme schools was designed by theologians and politicians who believed in 
Plato. So we continue to teach Euclidean geometry for the good of the soul. 
Since few normal people like what is good for them, this makes mathematics 
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Fig. 66.—THREE Fundamentals of Trigonometry 
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a most luipopular subject and effectually prevents the majority from ever 
finding out the immense usefulness of matliematics in man’s social life. One 
result of not understanding how matliematics can be usefully applied is that 
many people do«not realize when it cannot be usefully applied. Hence tlie 
delusion that a subject is entitled to ranlc as a science when it contains formulae. 

THE SIZE OF THE MOON AND ITS DISTANCE FROM US 
Trigonometry developed in connexion with the attempt to solve problems 
wliich had a very far-reaching influence upon human belief. The Alexandrians 
made the first estimates of the distance of the moon and the sun from the 
earth. Their measuiement of the sun’s distance involved that of the moon. 
The prmciple involved in finding the distance of the moon is essentially 



the same as that used for finding the distance of a mountain pealt. The 
method used for terrestrial objects, when we have tables of sines or tangents 
at our disposal, is shown in Fig, 67. The observer records the difference in 
direction of the object as seen from two situations at a measured dist^ce 
apart. This difference of direction measured by the angle C is called the 
parallax of the object. So far we have assumed that the different angular 
positions of the celestial bodies, when observed at the same time in different 
places, are entirely due to the curvature of the earth, the direction of a star 
being fixed. In other words, it does not matter where we determine the R.A, 
and declination of a visible star. This is what we should expect if the stars 
arc very remote. The nearest stars are too far away to make a difference of 
a thousandth of a degree. This is not true of the moon. Two simultaneous 
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determinations of the moon’s R.A. by observers situated at longitude 90° 
apart on the equatotj or simultaneous determinations of declination by one 
observer at the equator and another observer at either of the poles, can differ 
by almost exactly one degree; and this difference is detectible with a com¬ 
paratively crude instrument. In an age when the study of the moon’s be¬ 
haviour was important for regulating social festivals or night travel, and the 
study of solar eclipses and occultations had begun to assume a practical as 
well as a magical significance, differences of the moon’s direction at different 
stations did not escape detection, They involve an appreciable correction in 
all calculations of the moon’s position. The moon’s position relative to a more 
distant celestial object is not quite the same as seen from two widely separated 
stations simultaneously. Consequently crude methods of determining longi¬ 
tude based on solar ecHpses, occultations or lunar distances, can be somewhat 
inaccurate, unless a correction is made for the moon’s parallax. 

If we know the earth’s radius we can calculate the distance between two 
observers at known latitudes and longitudes, and the parallax of the moon 
is all that is required to deduce its distance from the earth. The best method 
is to make simultaneous observations of the moon’s zenitli distance, when 
it crosses the meridian, at two stations on the same meridian of longitude 
at latitudes as far apart as possible. If the moon’s rays were absolutely 
parallel, the south zenith distance at a given north latitude L when the 
moon’s true declination (i.e. elevation from the plane of the equator) is D, 
would be (Fig. 58): 

2=L~-D 

Actually the observed zenith distance Z is a little in excess of this by an 
angle p (called the geocentric parallax at L) representing the difference of 
direction of the moon as it would be seen simultaneously at L and at the 
earth’s centre if we could get there. Thus, 

Z = p 

We have already seen (Kg._28) that if the rays from a celestial body are 
perfectly parallel at two different latitudes, the difference of its zenith 
distances at two places is the difference of their latitudes, i.e, 

- Lg = afg — 

If one latitude is south of the equator, its sign is negative (— L,) and if 
the moon is seen south of the zenith at the northern latitude and north of 
the zenith at the southern, its zenith distance at the former is negative 

(-^i), and at the latter, positive (+^g), so that 

Li + Lg =+'Sig 

= (Zj - pi) + (Zg - P2) 

= (Zi + Z8)~(Pi+pg) 

The quantity (pj -fpa) is the moon’s parallax P with reference to the two 
stations, so: 

P = (Zj + Zg) — (Lj -j- L^) 
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Turning to Fig. 69, you will see that if both stations are on the same longitude 
and both observations are made at the same time, the moon’s distance (d) 
from the earth centre is the diagonal of a four sided figure of which all four 
angles and two sides (equivalent to the earth’s radius or approximately 
4,000 miles) are loiown. Hence the quadrilateral can be constructed. Its 
remaining sides and the diagonal can be calculated by the fundamental 
relation (Fig. 56) between the sides and angles of any triangle, i.e. 


a b “ ’ c 



Fig. 68 


The moon s gmentne parallax. If tlie moon’s rays were tinly parallel its direction at 
totu^e + L would be the same as at the eartli’s centre, i.e. its zenith distance would 
1 T- ‘ (upper figure) the observed z.d, at transit for an observer 
.^7 Z ‘f f (geocentric parallax at L). Tills cannot be directly 

of the moon for observers 

at two duierent latitudes (+ L, and - Lj) on the same longitude is 

(Z, + Z,)-(L,H:Li) 

In this way die mean distance of the earth’s centre from the moon is found 
to be approximately 240,000 miles, as shovra in the legend attached to 
Fig. 69. Hipparchus gave the distance of the moon as between 67 and 78 
radii (i.e. mean distance 72 radii or 280,000 miles). This is a tolerable 
approximation. His estimate of the sun’s distance based on the study of 
eclipses was 13,000 earth radii or 61,000,000 miles, which is much too 
small, the correct distance being 92,000,000 miles, 

The calculation of the moon’s radius is easily deduced from this. The only 
m information required is the moop’s angular diameter, ie. the an^ar 
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difference between the two edges of the moon. This is almost exactly half a 
degree, As shown in Fig. 60, the moon’s diameter is therefore a little over 
2j000 miles. It is almost exactly 2,160 miles, or three-elevenths tliat of the 
earth. - 



3; = 180 “ - li-x ZCDA = 180 ° - Zj 

BC = !• = DC 
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than tlie time when tlie moon’s direction differs from that of the sun by 
270°. Aristarchus calculated that the ratio of the distances of sun and moon 
from the earth is about 20 :1. In reality it is nearly 400 :1. The reason 
for the inaccuracy* is the extreme difficulty of ascertaining when exactly 
half of the moon’s face is visible without the aid of the telescopic observations 
on the moon’s mountains. However, the estimate of Aristarchus was a vast 
step beyond the boldness of Anaxagoras, who startled the court of Pericles 
by the suggestion that the sun might be as large as the whole mainland of 
Greece. In using mathematics to measure the heavens, Alexandrian astronomy 




(i) In the A BCD, 1.x, ZBCD and CB are known, and 

sin jc sin BCD 
r “ BD 

BD is known 

(ii) In the A ABD, £y, /BAD and BD are known, and 

sinBAD „ sinj^ 

BD “ AD 

.’. ABis known, 

(iii) In the A ABC, /ABC, BC (= r) and AB are all Itnown, 

AC^ = ABH BC= - SAB, BC cos ABC (See Fig. 60) 

AC (~ d) is also known. 

Fig. 69 

The determination of the, moon’s distance, from the .parallax of the moon with reference 
to two observers at different latitudes and the same longitude, as in Fig.' 68, can be 
deduced from a simple geometrical ,construction. 

One of the earliest Alexandrian astronomers, Aristarchus, made a rough 
estimate of the ratio of the sun’s distance to tliat of the moon (Fig/ 61). 
The method he used depends on the fact that the half moon at first quarter 
occurs a little earlier than the time when the moon’s direction differs from 
that of the sun by 90°, aiid the half mopp or third quarter opcurs a little later 



Fig, 00.-—The Moon’s Diameter 


disclosed a vision of grandeur concealed from the world view of Plato’s 
idealism. Alexandrian sicy measurement was the death knell of Plato’s 
cosmology and of the ancient star god religions. 

The sun’s parallax is too small to be measured without the aid of good 
telescopes at observation stations separated by long distances. An alternative 
method which does not require the use of a telescope depends on observa¬ 
tions of eclipse phenomena. If the time of greatest duration of a total lunar 
eclipse is known from repeated observations, tlie distance, radius and synodic 
period of the moon, and the earth’s radius, give us all (Fig. 18) the necessary 
data for measuring tlie brpdth of the earth’s shadow cone where it is inter¬ 
cepted by the moon’s orbit. In a solar eclipse the moon’s edge just coincides 
wiffi that of the sun, which therefore has approximately the same angular 






Ii 6 Science for the Citizen 

diameter. So the sun’s radius and the earth distance are in the same ratio as 
the moon’s radius and eartli distance. The ratio of the earth’s radius to the 
lenglji of its own shadow cone is the same as the ratio of the sun’s radius to 
the combined length of the earth’s shadow cone and the Sun’s earth distance. 
Since the length of the shadow cone is easily calculated by similar angles 
if its breadth at any known distance from the earth is given, all the requisite 
data are supplied by eclipse measurements and the moon’s parallax. Actually 



Fig. 61.-~How Aristarchus Tried to Measure the Sun’s Distance 


Exactly at the first quarter or third quarter, wore than half of the face of the moon is 
seen. Half moon occurs when the moon has still to move through an angle B before 
it is exaaly at the first quarter. Aristarchus found that the delay between half moon 


360 

4 X 28 


and first quarter was six hours, so, if a lunar month is taken as 28 days, B 
= about 3°. In the half-moon position, lines joining Ae sun and the earth to the moon 
meet in a right angle. So a = B = 3° and sin 3° = 


Earth’s distance from moon 
Earth’s distance from sun 


this rnethod, which is referred to in the ensuing passage from Snyder’s 
book, is extremely inaccurate because Small errors of observation lead to large 
differences in the ratios determined from them: 


The-problem of the sliadow cone, as is clear from the pages of Ptolemy, 
bad been worked out by Hipparchus, apparently with great precision, but 
with the strange result of confirming the calculations of Aristarchus. He, 
too, found the distance of the sun about twenty times that of tlie moon, or 
from 1379 to 1472 half diameters of our globe. Ptolemy, a couple of centuries 
later, tries his hand at the matter, but with no better successj indeed, he reduces 
the distance to 1210 such half diameters. But with three distinct methods 
leading identically to the same result, there could now be little question of 
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their trutli. There seems, indeed, to have been no question for another seven¬ 
teen centuries, and until Galileo and the telescope had come. Hipparchus’ 
method—it is generdly so styled~~is reproduced with new proofs, but similar 
estimates, in tlie De Rmluionibm of Copernicus, A.d. 1643. The Theorem of 
Hipparchus gave not merely the relative but also the absolute measures of the 
solar and lunar distances, hence a direct measure of their size. Cleomedes 
tells us that Hipparchus computed the sun’s bulk at 160 times that of the 
earth; Ptolemy made it 170 times. But Aristarchus, by what method he does 
not state, figured the diameter of the sun at between six and seven times that 
of the earth, hence about three hundred times its bulk. He sets tlie moon’s 
diameter at one-third that of tlie earth-an error of but one-twelfth; admirable, 
if yet imperfect approximations. The march of the mind had begun I . .! 
There is, in an oddly-jumbled work, Opinions of Philosophers) attributed, with 
slight probability, to famihar old Plutarch, a paragraph wliich says that 
Eratosthenes had engaged the same problem. True to his love of concrete 
measures, he gives tlie distance of the moon at 780,000 stadia, of the sun at 
804,000,000 stadia. Marvellous prevision of the truth! For though he makes 
the distance of tlie moon only about twenty earth radii—too small by two- 
thirds of the reality—his figure makes tlie sun’s distance 20,000 radii, which, as 
nearly as we may estimate the stadium, was practically the distance that, after 
three centuries of patient investigation with micrometers and heliometers, is 
set down as the reality. ... It is with a deepening interest, bordering even 
upon arnazement, that we find yet another great investigator of antiquity 
announcing similar but quite distinct estimates. This was Poseidonius, the 
teacher of Cicero and of Pompey, one of tlie most contradictory of cliaracters, 
now seeming but a merest polymatli, now one of the most acute and original 
thinkers of that ancient day, We have already noted that liis measure of tlie 
earth, adopted by Ptolemy, was the sustenance of Columbus. He had closely 
studied tlie refraction of light, and gives us a really wonderful calculation as 
to the height of the earth’s atmosphere. In the pages of Cleomedes we learn 
that he equally attempted to establish the distance of the stars. He puts the 
moon at two million stadia away, the sim at five hundred million I Tliis, on his 
earlier estimate of the earth’s diameter, would place tlie moon at 62 radii 
of the earth, which would be nearer than the computations of Hipparchus. 
It would make tlie sun’s distance 13,000 radii. If we take his later figure 
(180,000 stadia), tlie distance would become 17,400 radii, an estimate which, 
considering the necessarily wide limits of error, does not differ greatly from 
that of Eratosthenes, and equally little from tlie truth. Compare it with the 
thirteen hundred radii of his forerunners! Compare it with the notions of 
Epicurus, almost his contemporary, a very wise and large-minded man in his 
way, who yet believed that the sun might be a body two feet across! 

The importance of science in the everyday life of mankind means more 
than making it possible for us to organize material prosperity, The advance of 
science liberates mankind from beliefs which sidetrack intelligently directed 
social effort. In the phraseology of tlie materialist poet Lucretius, science 
liberates us from the terror of the Gods. At a later date the scientific study 
of the heavens was destined to challenge the authority of custom-thought 
in a more spectacular context, by discrediting the biblical doctrine that the 
sun revolves round the earth. The view which is now held was recognized 
as a possible alternative by the Pythagorean brotherhoods and advocated 
by Aristarchus. For a very good reason it was rejected by Hipparchus, on 
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whose teaching the Almagest is largely based. He did sOj because no parallax 
of the SUB could be detected. 

Observations on the fixed stars made at different localities at the same 
time yield no appreciable difference in R.A. or declination. In other words, 
the fixed stars have no measurable geocentric parallax. Since even the moon’s 
geocentric parallax is never a very big quantity, this would be quite in¬ 
telligible on the assumption that they are much farther away than the moon. 
Aristarchus estimated that the sun was about 20 times as distant as the 
moon from the earth, When the moon’s distance was found to be about 60 
times the earth’s radius, it appeared that the diameter of tlie earth’s orbit 
must be more than a thousand times the diameter of the earth. The 
difficulty did not end here. If the earth moves round the sun, it must be 
nearer to any particular star at some seasons than at others. It still seemed 
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Fig. 62 

hard to believe that the stars are too far away to show any change of 
apparent direction when the earth Is at opposite ends of its orbit (as in 
Fig. 62). With any instruihents available before the nineteenth'century, no 
flwwfl/ parallax of the fixed stars could be detected. The refined meffiods 
we now have show that, the heliocentric or annpal parallax (P in Fig. 62) 
is never as much as one four-thousandth of a degree (0’78" for the nearest 
stsa, Proxima Gmtawn). According to the only test which was known to the 
ancients, the doctrine of Aristarchus failed. On the evidence which their 
instruments yielded, the founders of the Ptolemaic: system were right in 
putting the earth at the centre of the star map, where it is still convenient to 
leave it for the purposes of navigation and scientific geography. 

Nowadays we often read dogmatic statements about the discredit into 
which Newton’s system has fallen, and there is danger of losing sight of 
what is permanent in any useful hypotheses. Scientific hypotheses that yield 
a useful explanation of some facts of experience, are not relegated to the limbo 
of superstition whenever we discover—as we constantly do discover— 
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new facts which they do not explain. The Ptolemaic astronomy which pro¬ 
vided the technological basis of the Great Navigations is still the most 
convenient representation of the apparent movements of the sun, moon, and 
fixed stars. It is thctrorld view of the earth-observer, and as such remains the 
basis of elementary expositions on nautical astronomy after nearly two 
thousand years. Its greatest disadvantage—which eventually brought it into 
disrepute—is that it can give no reliable means of ascertaining the motions of 
another class of heavenly objects-the planets, which are not fixed in the 
heavens lilte the stars. If we use the methods of Chapter IV to plot the move- 


“Aryes 



Fig. 03.—The Track OF Venus IN 1894 

ments of a planet like Venus on the star map shown in Fig. 51, they do not 
conform to any simple rule. The nearer planets wander about the heavens, 
each in a seemingly capricious track, with no evident geometrical pattern. 
Their motions are easier to calculate if we put ourselves in the position of 
a sun observer. 

^ We shall see later how Copernicus furnished the germs of a comparatively 
simple account of the way in wliich the planets move by discarding the 
belief that the earth is the centre of the universe. In the absence of satisfactory 
. evidence for the annual parallax of the fixed stars (before about a.d. 1830), 
it isi highly doubtful whether the usefulness of the Copernican doctrine 
for calculating the positions of ±e planets would have sufficed to overcome 
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the combined authority of the Book of Joshua and the Almagest, had there 
been no new sources of information to discredit belief in the fixed position of 
the earth at the hub of the heavenly wheel How the ancient astronomers 
attempted to explain the vagaries of the planets or “wand&ers” of the heavens 
may best be dealt with when we come to the Copernican hypothesis. We shall 
j5rst see how two devices prepared the way for its universal acceptance. The 
introduction of the telescope and the pendulum clock in the beginning 
of the seventeenth century registers an eventful phase in the conquest of 



distance and time. It is hardly too much to say tliat, with one exception, no 
other technical advances contributed so much to change the world picture 
of mankind between 4241 b.g. and A.D. 1800. 

In the period which intervened, Arab astronomers and matliematicians, of 
whom Omar Khayydm was one of the most illustrious, blazed the trail for 
the new world outlook by more accurate measurements of tlie positions of 
the planets. A far more important Arabic contribution lay in devising simple 
rules of calculation. The use of mathematics in Alexandrian science was 
essentially pictorial Mathematics was applied almost exclusively to astro¬ 
nomical data. The trigonometry of Hipparchus and the algebra of Diophantus, 
the last Alexandrian mathematician of importance, were imprisoned within 
the obscure number symbols of the Greek alphabet. By discarding the 
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alphabet and adopting the Hindu stmya or zero, as we call it, the Arab 
mathematicians equipped us with an arithmetic which could accommodate 
a growing body of scientific measurements, and with an algebra which has 
extended the applfcation of mathematics far beyond the confines of geometry. 

Located in sunny regions, the ingenuity of the Islamic culture was not 
compelled to perfect mechanical devices for recording the time of day, The 
contribution of the Arab astronomers to the technique of recording time is 
now relegated to the status of a garden ornament. The ancient shadow clocks 



tan H = sin L tan A. 

Thus to mark off the angle H corresponding to two o’clock (p,m.) or ten o’clock 
i.e. when /» = d; (16 X 2)'« i 30“, at latitude 61“ we have 
tan H = sin 61“ tan 30° 

= 0-7771 X 0-6774 = 0-M87 
ftom tables of tangents H = 24-15°. 

did not record a constant hour at different seasons. The Arab sundial (Fig. 
64) with its style set at an angle equivalent to the latitude and pointing due 
north marked out hours which were mechanically equivalent throughout 
the year. The only lasting importance of this invention, the theory of which 
is explained in Fig. 65, lies in the fact that the first mechanical clocks were 
checked by comparison with the readings of the dial. 

^ TheAtate of geographical knowledge available for navigational purposes 
in the time of the Crusades is indicated in the following passage from Wright’s 
book already cited: 
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That the Saracens also were interested in the more strictly mathematical 
aspects of astronomical geography is emphatically proved by the fact that they 
undertook actually to measure the length of a terrestrial degree and thereby 
to determine the circumference of the earth. Some knowledge of this great 
work came to the Western world in our period through translations of the 
Astronomy of Al-Farghani. . . . Astrology also necessitated this type of 
investigation. In order to cast a horoscope one must know what stars are over¬ 
head at a particular moment; and, to ascertain tliiSj one must know latitude ^d 
longitude. In the Arabic astronomic works there occur rules for determining 
positions and tables of the latitudes and longimdes of places throughout the 
world. One of the most practical results of Arabic investigations in this field 
was a reduction of Ptolemy’s exaggerated estimate of the length of the Medi¬ 
terranean Sea. The Greek geographer gave the length as 62^ or about half 
again too long. Al-Khwariztrd cut this figure down to about 62°, and, if we 
are right in our interpretation of the available data, Az-Zarqall still further 
reduced it to approximately the correct figure, 42°.... The results of these 
corrections became known in the medieval West. The Moslems, as a general 
rule, measured longitudes from the prime meridian which Ptolemy had used, 
that, of the Fortunate Islands (now the Canaries), situated in the Western 
Ocean at the westermnost limit of the habitable earth; but individual writers 
came to make use of anotlier meridian farther west, a meridian destined 
to become known to tlie Christian World as that of the True West, as distin¬ 
guished from the supposed border of the habitable West. Abu Ma’shar, on 
the other hind, referred his prime meridian to a fabulous castle of Kang- 
Diz, far to the east in the China Sea . .. there is absolutely no doubt that 
metliods of finding latitudes and longitudes were well understood in theory 
and were sometimes put to practical use. Rules are given for finding latitude 
in Az“Zarqali’s Canons, in Plato of Tivoli’s translation of the Astronomy 
of Al-Battani, and in many other astronomical and astrological treatises. 
Two principal methods were recommended. You may either measure with the 
astrolabe the altimde of the sun above the horizon at noon at the spring or 
autumn equinox and find die latitude by subtracting this angle ftom SO” or 
you may measure the altimde of the celestial pole above the horizon, which is 
the same as the latimde. As to longimde, the fact that there are differences 
in local time between points east and west of each other was recognized and 
clearly explained by several writers of our age. The Marseilles Tables give a 
rule for finding longitude by the observation of eclipses. Roger of Hereford 
indicates that he himself, by observing an eclipse in 1178, ascertained the 
positions of Hereford, Marseilles, and Toledo in relation to Aria, the world 
centre of the Moslems. 

The Marseilles tables mentioned in the foregoing passage seem to be the 
earliest astronomical tables in north-western Europe. Referring to their 
origin, Wright says: 

Preserved in a twelfth-century manuscript of the BibHothique Nationalc 
is a set of astronomical tables for Marseilles dating from lUO, the work of a 
certain Raymond of Miarseilles. The Canons, of introductory explanation, of 
these tables are drawn largely from the astronomical Canons of Az-Zarqall; 
the tables are an adaptation for the meridian of Marseilles of the Toledo 
Tables.: Both Az-ZarqaU’s Canons and the Toledo Tables, with their modifi- 
catiohs like the Marseilles set, contained not a little incidental material of 
importance from the point of view of astronomical geography, including a 
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Fig. 66.—Waldseemuller’s PoLYMEXRUM, FROM Reisch’s “Margarita Philo- 

SOPHIGA,” 1612 

(Frm"A Regional Map of th Early Sixteenth Century” by Professor E.G.Ri Taylor} 
Geograplncal Journal, Fa/. LOT, A7o. 6, May 1928.) ^ 

list of cities with their latitudes and longimdes derived ultimately from Al- 
Khwarizmi. That this material enjoyed wide popularity during oiir period 
and later is proved by the existence of a large number of manuscripts. One 
of the translations of Az-Zarqall’s Canons was done by tiie hand of the famous 
GerardofCremona. 

In the fifteenth century Portuguese and Spanish shipping enjoyed the 
benefit of expert pilots schooled in the teaching which had been salvaged 
from the wreckage of the Moorish universities in the Peninsula. The growth 
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of the printing industry placed the fruits of this knowledge at the disposal 
of sea captains with less erudition. Shuple instructions involving no elaborate 
calculations-like the “Regiment of the Pole Star” (Fig. 67)-could now be 
put into the hands of all who could read. An account of thesS early pilot books 
is given by Professor Taylor in an article {Geographical Journal, 1931) from 
which the following passages are cited: 

The earliest type of Seaman’s Manual was the Rutter or Pilot Book, con¬ 
taining details of landmarks, anchorages, shoals, bottoms, watering-places, and 
so forth, which goes back to the Ancient Greeks, and probably to their Phoeni¬ 
cian predecessors, Such books belong to the period of coastwise sailing, when the 
lode-line was the sole navigating instrument other than the shipmaster’s eyes. 
These Pilot Books have never been superseded, but from time to time as the 
art of Navigation developed, they have been supplemented. The earliest supple¬ 
ment was the Pilot Chart, and the date of its introduction is quite unknown: 
the oldest extant example, drawn about a.d. 1300, is so perfect and so stylized 
that it must have had a very long past history. ... The same period brought 
a further innovation: the astronomers of the Western Mediterranean devised 
simple instruments and simple methods whereby the Stella Maris or Tramon¬ 
tane could be employed to fix the ship’s position in latitude in addition to 
indicating the North. The development of this aspect of navigation, and the 
progress of exploration across the equator, led eventually to the mtroduction 
of the determination of position by the noon-tide altitude of the sun, which 
demanded a calendar and a set of tables, and thus an elementary forerunner 
of the Nautical Almanac became part of the Seaman’s Manual. Even the 
simplest instrumental fixing of the ship’s position, however, required some 
knowledge of astronomy, and consequently a fourth section was added to tlie 
Manual, which took shape as a preface dealing with the Earth as a Sphere 
and the Heavenly Bodies. By the early sixteenth century it had become usual 
for the Theory of the Sphere and the Tables and Rules for fixing position 
to be bound up together as tire Navigating Manual proper, while the ship¬ 
master or pilot provided himself with tlie particular Pilot Book or Rutter, and 
the particular Chart which he needed. There were, however, interesting 
exceptions to this rule. ... and a remarkable work on Navigation of tlie 
Fourteenth Century is extant which contains the rudiments of dl four parts 
of the complete Manual in a single volume. This is the rhyming Florentine 
example, known by die title of its first section on the globe as “La Sfera,” 
which is ascribed to Gregorio Dati. The second part, dealing with the rules 
for navigation and finding position, is naturally very crude at this date, 
while the chart (the third part) is drawn in sections, which are placed in 
the margins of the appropriate portions of the Rutter (the fourth part). . .. 
The Italian manuscript entitled “Brieve conpendio de larte del navegar,” 
in the Society’s Library, contains thi’ee out of the four parts of die complete 
Manual, namely, the section on die Sphere, the Rules and Tables, and the 
Chart; only the Rutter is absent, and certain supplementary notes and tables 
are inserted instead. ... It was written by an Italian pilot, Battista Testa 
Rossa, whose patron was El Magnifico Marco Boldu, a member of one of 
the great ruling families of die Republic of Venice. It is dated 1567, when 
Battista had settled in London. . . . The section on the Sphere is of the 
simplest possible type, consisting of necessary definitions only, namely, of 
altitude, degree, horizon, zodiac, equinoctial line, declination, Circles, Poles, 
Tropins, seasons, longitude, latitude, parallels, meridians, hemisphere, zenith 
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Fig, 67.--THE Regiment OF THE North Pole 

The star'Polaris is only ,1° off the true pole today. In mediaeval times Polaris revolved 
in a tiny circle 3° from the celestial pole as did a Draconis, when it was the guiding 
star of the Pyramid builders. Hence latitude by the altimde of the Pole Star might 
exceed or fall short of the true value by 3°. The pilot books gave instructions for 
making the necessary correction by noting the hour angle of the star |S in the Little 
Bear. The positions of Polaris relative to the true pole were charted for eight positions 
of the “gumds” and y), so that naked eye observation sufficed to make a correction 
with an error less than half a degree. 

(Reproduced vaith Professor E. G. R, Tayhfs permission, from her Tudor Geography, 
1485-1683 (ikf^kan).) 
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and centre. A brief exposition of the changing altitude of the Pole Star as tlie 
traveller passes from Alexandria to Icclandj and its explanation in terms of the 
rotundity of the Earth, concludes the section. The second section, on Rules and 
Tables, opens with the Regiment of the North Pole, i.e. the humber of degrees 
(from to 3|“) which must be added or subtracted from the observed altitude of 
the Pole Star, according to the position of the “guards,” in order to obtain the 
latitude. "The guards” was the seaman’s name for part of the constellation 
Ursa Minor, the two significant stars used as indicators being /i and y ... 
when the pards are in the east and the forward star (of the guards) is east of 
the North Star, then the Pole Star, as it is called, will be If below the Pole, 
and this must be added to the altitude, when the sum will be the height of die 
Pole above your horizon: when the pafds are in the north-east, and the two 
stars of the pard, one with another by east, then the Pole Star will be 
below the Pole. ... The “forward” or “fore” pard was the brighter of the 
two (i.e. jS Ursae Minoris), and was sometimes called the “clock star,” since it 
could be used to tell the time at night. Directions for making and using the 
balestilha or Jacob’s Staff for these stellar observations are given, with a 
diagram to show how to add the scale to the Staff, while die quadrant and 
astrolabe are also mentioned. This Regiment of the North Star is one of the 
stereotyped Rules found in every Manual. Here it is followed, as in many other 
examples, by a rule to tell the time at night by the guards during each month 
of the year. . . . Now this makes it clear tiiat the depee was taken by seamen 
as 70 Roman miles, equivalent to 64'4 English statute miles, a much less 
faulty figure than die 62^ miles (of 6,000 feet), or alternatively 60 miles, 
adopted by cosmopaphers. The method of derivation, too, is made plain. 
Battista gives 26,200 miles as the circumference of the Earth, which is clearly 
derived from Eratosthenes’s measure of 262,000 stadia (made widely known 
to navigators dirough Sacrobosco’s Sphera which was prefixed to the early 
Portupese Manuals), by taking die equivalent of 10 sea stadia to a Roman 
mile. The Portupese leape of 4 miles was adopted by all seamen, as Columbus 
mentions, and as Jean Rotz, too, makes clear; but in Spain the depee of 17| 
leapes was presently superseded by that of 16 leapes, reckoning according to 
Spanish use, only 3 miles to a leape. . . . The next section of the Italian 
Manual consists of a couple of pages and a diagram on die Regiment of the 
Southern Cross, and then follows the most important part of all, which finds a 
place in every book of Rules and Tables. This is the Regiment of die Sun, 
that is to say, the rules for taking the noon-tide altitude, and for using the 
accompanying Table of Decimations, which are given for four years, the last 
being die Leap Year. A Calendar was combined with the tables for the First 
Year. ... A few examples of latitude determination are worked out, and it 
may be noted that for solar observations the use of die astrolabe and not the 
balestilha is proposed. ... It was probably in 1668 that Stephen Burrough 
visited the Casa de Contratacion in Seville, there to be peatiy impressed by 

the meticulous care with which Spanish pilots were trained and examined. . . . 

So far as chart-making is concerned, Tudor England had nothing to set against 
the magnificent achievements of the Portupese, Spanish, Italian, and French 
school of Cosmopapher-Pilots. 

A simple recipe analogous to the Regiment of the North Pole for use in 
southern latitudes is given in Hakluyt’s Voyages. It refers to the Southern 
CrosSi and is written by the mariner Edward Cliffe, who accompanied the 
consort ship of Drake in the 1677-9 expedition to the Strait of Magellan; 
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And thence we came along tlie coast being low sandie land till wee arrived 
at Cape Blanco. This Cape shewetii it selfe like the corner of a wall upright 
from,die water, to them which come from the Nortliwardes: where the Nortii 
Pole is elevated 20 degrees 30 min. And the Crociers being tlie pards of the 
South Pole, be raised 9 degrees 30 min. The said Crociers be 4 starts, repre¬ 
senting the forme of a crosse, and be 30 degrees in the latitude from the Soutli 
Pole; and the lowest starre of the sayd Crociers is to be taken, when it is directly 
under the uppermost; and being so taken as many depees as it wanteth of 30, 
so many you are to the Northwardes of Equinoctial: and as many degrees as 
be more than 30, so many degrees you are to the Southwards of the Equinoctial. 
And if you finde it to be just 30 then you be directly under tlie line. 

THINGS TO MEMORIZE 

1. Nortii Polar Distance = Z.D. of Pole - Z.D. of star. 

Declination - 90“ - N.P.D. 

Latitude - altitude of Pole = 90“ — Z.D. of Pole. 

Declination = Z.D. + Latitude. 

Latitude = Decimation — Z.D. 

2. Zenith distances south of the zenith, and latitudes and declinations 

south of die equator are negative. 

3. Sundial time + Equation of Time = Greenwich Mean Time, 

4. Star’s R.A. = sidereal time of transit of star = (approximately) solar 

time of star’s transit - time of ttansit of T. 

Star’s R.A. — Sun’s R.A, = local (solar) time of transit (approximately). 

6. See also Figs, 24,4.3,45 and 66. 

EXAMPLES ON CHAPTER 11 
Use the graph in Fig. 32 for the “equation of time” correction. 

1. What are the sun’s declination and right ascension on March 21st, 
June 21st3 September 23rd, and December 21st? 

2. What approximately is the sun’s R.A. on July 4th3 May 1st, Jaiiuaiy 1st, 
November 6^? (Work backwards or forwards from the four dates given. Check 
by Whitaker.) 

3. With a home-made astrolabe (Fig. 22) the following observations were 
made at a certain place on December 21st: 

Sun’s Zenitli Distance Greenwich Time 

(South) (p,m,) 

74f , 12.1S 

74“ 12.19 

74“ 12.20 

73f 12.21 

73f 12,22 

74“ 12,23 

74|* 12,24 

What was the latitude of the place? (Look it up on the map.) 

4. Find the approximate R.A. of the sun on January 28th, and hence at what 
local time Aldebaran (RA. 4 hours 32 minutes) will cross the meridian on that 
night. If the ship’s chronometer then registers 11.16 p.m. at Greenwich, what 
is the longitude of the ship? 

Exmples continued on page UO 
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5 . If the decHnation of Aldebaran is 16*’ N. (to the nearest degree) and its 
altitude at meridian transit is 60" from tlie southern horizon, what is the sliip’s 
latitude? 

6. The R.A. of the star a in the Great Bear is nearly 11 hours. Its declination 
is 62" 5' N, It crosses the meridian 4“ 4T north of the zenith on April 8th 
at 1.10 a.m. by the ship’s chronometer. What is the position of tlie sliip? 

7. Suppose tliat you were deported to an island, but had with you a wrist 
watch and Whitaker's Almanack Having set your watch at noon by observing 
the sun’s shadow, you noticed that the star a in the Great Bear was at its lower 
culminadon about eleven o’clock at night. If you had lost coimt of the days,, 
what would you conclude to be tlie approximate date? 

8. On April 1, 1895, the moon’s RA. was approximately 23 hours 48 minutes. 
Give roughly its appearance, time of rising, and transit on that date. 

9. If tlie sun md the Great Bear were together visible throughout one, and 
only one, night in the year at some locality on the Greenwich meridian,’ how 
could you determine its distance from London, if you also remembered that 
the earth’s diameter is very nearly 8,000 miles, md die ladmde of London is 
very nearly 61°? 

10. If you observed tliat the sun’s noon shadow vanished on one day of the 
year and pointed soutli on every other, how many miles would you be from tlie 
North Pole? 

11. On January 1st the sim readied its highest point in the heavens when the 
B.B,G, programme indicated 12.17 p.m. It was then 16" above the southern 
horizon. In what part of England did this happen? 

12. The approximate R.A. and declination of Betelgeuse are respectively 
5 hours 60 niinutes and 7|"N. If your bedroom faces east, and you retire 
regularly at 11 p,m., about what time of the year will you see Betelgeuse rising 
when you get into bed? . 

13 . On AprB 13, 1937, the shortest slmdow of a pole was exactiy equal to its 
heig^ and pointed north. This happened when the radio programme timed 
for 12,10 p.m. began. In what county were these observations m a de? 

14. With a home-made astrolabe the following observations were made in 
Penzance (I^t. 50“ N., Long. 6|" W.) on February 8th: 

Least Zenith Distance Greenwich Mean Time 
Betelgeuse 42J/S. 9.9 p,m, 

Rigel 68^° S, 8,24 p,m, 

Sirius 671" S. 10.0 p.m. 

Find the declination and R,A. of each star, and compare your results with the 
t&hk bi Whitaker’s Almanack. 

: 16. By aid of a.figure show, that if the hour angle (k) of a star is the angle 
tlirough which it has turned since it crossed the meridian (or, if the sign is 
minus, the angle through which it must turn to reach the meridian), ' 

R.A. of star (in hours) = Sun’s R.A. (in hours) - (hour angle in 
degrees-r 16) +/ocfl/time (in hours), 


CHAPTER in 


, SPECTACLES AND, SATELLITES 
The Trail of the Telescope 

Among writers who are not familiar with the history of science, it has been 
the fashion to speak of the great intellectual awakening of the Meenth and 
sixteenth centuries as if it were doscly connected with the artistic Renaissance 
of Italy under Byzantine influence. The truth is that the advance of sdence 
owed very little to the influx of classical models and classical texts from the 
Eastern Empire. The fruits of Alexandrian science were harvested by the 
Arab ponquerors of Spain; and the diffusion of the Arabic learning into 
northern Europe was largely due to the influence of Jewish physidans who 
founded the medieval schools of medicine, and to the development of scientific 
navigation before the tradition of the Moorish universities had been finally 
extinguished. Two features of CathoHc tradition and organization forced 
the universities of western Christendom to open their doors to the Moorish 
learning. One, which will be discussed in Chapter XVI, was the humani¬ 
tarian ideology which prompted the monastic orders to found hospitals and 
seek tlie assistance of experienced physicians, The other, which encouraged 
monks hire Gregory of Cremona or Adelard of Bath to visit the universities 
of Spain during the Moorish occupation, was the social function of tlie 
priesthood as custodians of the calendar. In conformity with thdr r61e as 
timekeepers, the Augustinian teaching had endorsed astronomy as a proper 
discipline of Christian education. So although the patristic influence was 
mainly hostile to pagan sdence, clerical education was not completely in¬ 
accessible to influence from the non-Christian world. 

A substantial link between Moorish science and the medieval universities 
of Christendom already existed when the growth of mercantile navigation 
renewed the impetus to astronomical discovery. About 1420 Henry, then 
Crown Prince of Portugal, built an observatory on the headland of Sagres, 
one of the promontories which terminate at Cape St. Vincent, the extreme 
south-west point of Europe. There he set up a school of seamanship under 
one Master Jacome from Majorca, and for forty years devoted himself to 
cosmographical studies while equipping and organizing expeditions which 
won for him the title of Plenry ±e Navigator. For the preparation of maps, 
nautical tables, and instruments, he enlisted Arab cartographers and Jewish 
astronomers, employing them to instract his captains and assist in piloting 
his vessels. Peter Nunes declares that the Prince’s master mariners were well 
equipped with instruments and those rules of astronomy and geometry 
“whidh all map-makers should know.” The development of astronomy once 
more became part of the everyday life of manlrind, and the new impetus 
it received from the growth of maritime commerce was reinforced by tire 
iiitroduction of two new technical inventions which emerged from the 
world’s everyday work in a different social context. 
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One of these was the invention of spectacles. Although devices of one kind 
or another for magnifying objects are of considerable antiquity, there does 
not seem to have been any general use of them in everyday life till the close 
of the Middle Ages. The Moorish savant A1 Hazen appears to have observed 
the magnifying power of the segment of a glass sphere {Opticae thesaurus, 
viij 48); and Roger Bacon explained in his Opus Majus (1266) how to magnify 
writing by placing the segment of a sphere of glass on the book with its 
plane side downwards. One of the earliest examples of the application of 
the principle is provided by a portrait of Cardinal Ugone in a church fresco 



Ptolemy s Map of Ireland showing what the Great Navigations owed to Alexandrian 
Cartography. Note the lines of latitude and longitude 


at Treviso. This was painted in 1352, It shows two mounted lenses with their 
handles riveted together ^d fixed before the eyes. In Dobell’s hook, Anthony 
Leeuwenhoek and His Little Animals, tho actual inventor of spectacles is 
SM to be a Florentine about a.d. 1300, The invention was popularized by 
themonks, notably through the private labours of de Spina of Pisa for the help 
of poor blind men. ^ The compound microscope appears to have been in- 
TCnted at.the same time as the telescope, possibly, according to Professor 
Wolf, a little earlier. It is mentioned in a letter dated 1625 by Giovanni 
Fabri, who uses the word. Pictures made with the help of the microscope by 
published (1630) in an Italian edition of Persius. Between 
1660 and 1670 microscopic observations were published by Borelj Power 
Hooke, and Leeuwenhoek. With the growth of literacy, the universal ten’ 
tocy to long sight as age advances found expression in a new social demand, 
ihe mtroduction of spectacles involved no theoretical discovery about 
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phenomena with which Alexandrian and Arab astronomers were not fully 
conversant (see p. 141). It is therefore more reasonable to suppose that 
introduction of paper, the invention of printing, and the use of books in the 
fifteenth century stimulated the demand for eye glasses. The trade increased 
during the sixteenth century, especially in Italy and in south Germany. By 
1600 opticians were to be found in most of the larger towns on the continent. 

Two inventions which are signposts in the histoiy of science, one in 
physics, one in biology, came as quite fortuitous by-products of the new 
industry. The name telescope was first adopted by Galileo in 1612. The 
first one was invented in PloUand about 1608. The credit has been attributed 
variously to Hans Lippershey and Zacharias Jansen, spectacle makers in 
Middleburg, and to James Metius of Alkmaar (brother of Adrian Metius, 
the mathematician). On October 2, 1608, the assembly of the States-General 
at The Hague considered a petition of Hans Lippershey, inventor of an 
instrument for seeing at a distance. On October 9th, 900 florins were voted 
for it. bn December 16th they examined, and voted 900 florins for, a binocular 
instrument made by Lippershey, Descartes attributed the invention of.the 
telescope to Metius, who presented a petition later. The story goes that 
the discovery was made by holding two pairs of spectacles some distance 
apart and noticing that a neighbouring spire was brought nearer to view. 
In his Nufictus Siderius Galileo states that when he was in Venice about 
May 1609 he heard that a perspective instrument for making objects appear 
nearer and larger had been invented. Returning to Padua, he made his first 
telescope by fixing a convex lens in one end of a leaden tube and a concave 
lens in the other end. Then he made a better one, went to Venice, and pre¬ 
sented the instrument to the Doge Leonardo Donato. His first telescope 
magnified 3 diameters. He soon made others which magnified 8 diameters, 
and finally one that magnified 33 diameters. Kepler devised an alternative 
form using a convex eyepiece. 

The three years which followed the patents of Lippershey and Jansen 
were eventful. Kepler’s account of the motion of Mars appeared in 1609. 
His telescope was constructed in 1611. Eight years later he was able to 
announce his complete vindication of the fimdamental doctrine of Copernicus 
and his epoch-making laws of the solar system, Meanwhile Galileo had 
j observed tlie motion of the sun’s spots and had seen the moons of 

(( Jupiter. Galileo’s discovery was partly important because it deprived the 

geocentric view of the universe of the inherent plausibility it enjoyed before 
people realized that there were other worlds with satellites circling about 
them. The Inquisition rightly judged the psychological effect of the new 
realization that our own small world is not a unique one. How the tract on 
the moons of Jupiter became the field of one of the most decisive battles 
f between science and priestly superstition is a story too familiar to merit 

* repetition. 

I The telescope has a threefold significance for the age of the Great Naviga¬ 

tions. The determination of longitude for westerly sailing had become a 
technical issue of cardinal importance, and on this account astronomy 
retained its place as the queen of the sciences till the end of the eighteentli 
■ century. At a time when the only method of determining longitude was based 
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on the use of celestial signals (eclipses and conjunctions), celestial signals were 
events of vital significance for the world’s work; and tlie discovery of Jupiter’s 
moons brought a new battery of celestial signds to the aid of seafaring and 
scientific geography (see p. 316j Chapter VI). More difectly the telescope 
was of value to the mariner as a “spy glass,” A less obvious use is related 
to one of the pivotal inventions in, the history of mankind. The age of the 
Great Navigations was a period of revolutionary and imperialist wars in which 
success depended on exploiting the new technique of artillery. The demands 
of marksmanship called for accurate and immediate devices for surveying 
(see Fig. 149) and sighting distant objects. Galileo was not slow to recognize 
the possibilities of the telescope for navigation. Indeed, he offered his 



As the ed^s of a beam seen emerging horn a slit are always straight, we can look 
upon a shaft of hght as made up of bundles of straight shafts or rays, which Alexandrian 
asttonomMs represented by geometrical lines or "rays.” Light rays falling upon a 
surtace which is opaque are scattered in all directions, When we look at anvthine 
only a few rays are able to enter the eyeball. ^ ^ 

invention consecutively to the Catholic Emperor and to the opposing 
Protestot democracy in letters adapted to the convictions of both parties.* 
The invention of the telescope is an instructive episode, if we are disposed 
to inte^ret progress of human knowledge as an unbroken chain of 
theoretical principles due to the exercise of mere curiosity by a few excep- 
tionMly gifted individuals. The fundamental laws of magnification were 
fa^ar to the Al^andrians. Euclid composed a work on the geometrical 
piracdples of reflection, and Archimedes is credited with constructing concave 
mirrors for use as burning-glasses. Ptolemy investigated refraction, i.e. the 
beudmg of a beam of light in passing from one medium to another, and 
actually discussed the effect of atmospheric refraction in distorting the 
apparent position of objects on the horizon. A1 Hazen, an Arab physician 
who lived about a.d. 1000, gave a correct account of the structure of 
the eye, contested Plato’s idealism, which made it the source of illumma- 
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tion, and appears to have recognized it as what we should now call a camera. 
There was no fiirtlier development of the subject till the invention of the 
telescope; The design of better telescopes immediately created two needs, 
The need for mdte definite theoretical principles of guidance in attaining 
high magnification led inevitably to a more precise statement of the law 
of refraction by Kepler, Snell (1621), and Descartes (1837). The need to 
eliminate the coloured fringe which blurs tlie outline of an image obtained 
with simple lenses led Newton to the study of the spectrum. 

A number of circumstances conspired to encourage the experimental study 
of light at an early stage in human knowledge. Gut of the quagmire of Greek 
idealism there had emerged one very pertinent issue. How can we tell when 
our senses deceive us? From the very dawn of civilization—possibly earlier 
than any cities—man had become accustomed to the use of the mirror as an 
aid to adornment. Earlier still he had puzzled about refiectioas seen in 
pools. Things do not always seem to be where they are—or to be the right 
way up. Early interest in such illusions is illustrated by the trick of tlie 
disappearing coin, which was correctly interpreted by Memy as an effect 
due to the bending outwards of light when it passes from water into air, as 
■shown in Fig. 69. Optical illusions, which possibly enjoyed a place in the 
priestly magic, assumed a special practical importance in an age when 
people were intensely interested in tk heavenly bodies and were begioning 
to have a scientific knowledge of them. 

There are several very sttildng optical illusions in die everyday life of people 
who watch for the rising and setting of the sun and moon. Men near the 
horizon the sun and moon appear to be much larger than when seen high 
in the heavens. When seen rising behind a hill they seem to move much 
more rapidly than they do when they are above us. Measurement of the sun’s 
or moon’s angular diameter by an instiwnent, or of their bearings when 
rising and setting do not confirm our first impressions. A1 Hazen was among 
the first to realize what we know to be a correct explanation of the deception. 
Our estimates of sizes and distances near the horizon are peculiar because we 
adopt comparatively near terrestrial objects as our standard of comparison. 
In Icamirg to use the astrolabe or quadrant, men were taldng the first eventful 
step of manufacturing social sense organs which do not deceive us in arranging 
the conduct of everyday life. One important fact in connexion witii the 
early development of what we now call geometrical optics is that the kind 
of mathematics which developed in connexion witli astronomy is specially 
useful for measuring the elementary properdes of light. 

The Narcissus myth stiH piirsues us in everyday life from tlie moment 
we get up in the morning and shave or powder before a mirror. It no 
longer provokes among sensible people the mystification which led early 
philosophers to devise die false antithesis of appearance and reality. Today 
the experience of photography is enough to dispose of Plato’s belief that the 
eye sends forth light. Appearance is part of the reality which includes a correct 
account of how our sense organs do their work. We Imow enough about 
the sense organs to see clearly what early science could only grope after in 
the dark. Vision is not merely a static copy of the changing world. We have 
to leam to use our eyes as we have to learn to use any other instrument, 
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Our estimates of distance, direction, and position do not merely depend on 
what the retina of the eye tells us. They involve complex movements of the 
muscles that move the lens of the eye, of the muscles that change its 
curvature and of the muscles that wield the eye itself in Its socket, together 
with movements of the muscles of the neck and limbs and all the signals 
which these muscles send to the brain when they move, We learn, to co- 


B 



Fig. 69 


The disappearing coin trick is of very great antiquity and provided the Alexandrian 
astronomers with a correct explanation of certain astronomical phenomena, such as 
why the apparent time of setting of the sun is a little later and its apparent rising 
a little earher than expected from calculations as given in Chapter IV, p. 197 When 
the vessel is empty the eye cannot see deeper than the level of A, and the coin can 
only be seen if the head is raised till tlie eye is at B. If water is poured into the vessel 
the coin at the bottom becomes visible. When the sun is just below the horizon m 
the geometrical sense sunbeams passing from rarefied space mto the denser atmo¬ 
sphere of the earth are bent downwards, so that the sun remains visible for a short 
while after it is actually below the level of the horizon, just as the coin is visible in 
the lower figure though below A. 

ordinate our bodily movements with those of our eye muscles and with the 
, pattern of light on the retina from the common experience of everyday life. 

Tart of our everyday experience is that a beam of light has a straight 
edge, or to use a customary figure of speech, “light travels in straight 
lines.” We learn to put things “in line.” The delicate adjustment which 
makes us able tograsp a thing by seeing it, or to direct our gaze to the thing 
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we touch, is easily upset. By a simple device shown in Fig. 70 we can 
direct our eye movements so that we infer a set of lines which are really parallel 
to look as k they^converge or diverge. By using mirrors, or looking at an 
object immersed in a different medium from that in which we usually sedit, we 
can make a beam of light change its course from an uninterrupted straight 
line. So our eyes lead us to make judgments that do not agree with those 
which we are led to make when we also use our organs of touch. In such 
situations we call what we see an image of the thing or object as we see it when 
the testimony of all our sense organs agrees. Real images which can be 



Fig. 70.—Two Optical lausiONs 


Judgments of vision do not merely depend on the static picture focussed on the 
retina at a given instant of time. They Involve active movements of the eye muscles. 
If these movements are biassed oiw geometrical judgments go awry. Thus the two 
lines AB and CD in the upper half of the figure are the same size, and the vertical 
lines iu the lower half are all parallel. You can see that they are, if you half shut your 
eyes, 

caught on a screen are distinguished from virtual images which cannot, 
The image bn the ground glass of a camera or the image of the sun 
focussed with a burning-glass are familiar examples of the former. Re¬ 
flections m flat nurrors areffimiliar examples of virtual images. 

The elementary principle that “light travels in str^ht lines” was implicit 
in all the astronomical lore of the ancient world. So was one of its conse¬ 
quences on which, as we shall see later on, depends our knowledge that the 
earth’s path around the stm is'not a perfect circle, as Plato believed. The 
apparent size of a body depends on the angle which light reflected from its 
outermost edges makes witii the eye of the observer. We call this angle the 
angular diameter. Fig. 71 shows the same spherical object drawn at two 
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different distances from die eye. When it is nearer, tlie angular dimeter is 
larger ^an when it is far away. The sine of half the angular diameter is 
the ratio of its radius to its distance from the observer. Whe^n the angle is very 
small the ratio of two radii is not appreciably different from the ratio of the 
two angular diameters (Fig, 71, legend). Hence the apparent length of tlie 
radius of a circular or spherical body seen in different situations is inversely 
proportional to the distance, When we magnify a body by a mirror or a lens 
we change the path of the light coming from it so that the angle between the 
beams or “rays” converging on the eye is increased. The magnification of a 
very distant object is thus the ratio of the angular diameter of this seemingly 



Fig. 71.— Avpahint Size and Distance 


The same object seen near and far away. The angles a and 6 are called its angular 
diameters as seen in the two situations. If r is the actual radius and d the distance, 
sin = r -i- d, Md sin = r -f D. When very small angles are measured in circular 
measure (i.e. ratio of the arc to the radius ofi the okele of whose circumference it is 

part), = sinia - PQ -r d and jb = PQ -i- D (see Fig. 213). Hence y = 2. 

I) a 

nearer image to the angular diameter of the object seen without the 
instrument. 

Modern telescopes use curved mirrors as well as lenses for magnification. 
Two experimental laws are sufficient to deduce the essentials for dpsiwiing 
mirrors and lenses so .as to produce a known degree of magnification, whether 
in coustnicting a telescope, prescribing the right spectacles or for the variety 
of other uses to which magnif^g devices are now put in everyday life. The 
fundamental law of reflection is that when a shaft of light strikes a flat 
polished surface it is bent outwards in the same plane, making equal angles 
with an imaginary perpendicular drawn where it hits the mirror, as seen in 
Fig, 72, That this is approximately true is easily seen when a bright shaft 
of light falls through dusty air-on a polished surface. It can be tested more 
precisely by the use of pins and a mirror placed edgewise on a sheet of paper 
as esxplained in Fig. 73. The Alexandrian astronomers were familiar with tfie 
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Fig. 72 

The fundamental law of reflection is that a beam of light incident on a Hat surface is 
reflected in the same plane so that the angle of incidence (a) is equal to the angle of 
reflection (fi). 



Fig. 73 


A simple way of testing the law of reflection is to fix two pins, A and B,^in front of a 
mirror placed edgewlae on a piece of paper. By moving the head from side m side, a 
point is found at wliich tlie “virtual” images, and B, are in line. J. wo pins, C ^d D, 
are now placed in line with Aj wd B., Lines can then be drawn through the pin 
holes and the anc rl p . ; i and reformed with the perpendicular are found to be equal. 
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application of the law to the formation of magnified images by curved 
surfaces. The second principle which is necessary for understanding how 
magnification is produced by lenses is the law of refraction or the bending 
of a beam of light when it passes from one transparent memum into another. 
This bending is beautifully seen when a shaft of light passes through an 
aquarium tank with glass sides as in Fig. 74. 



reftaction of light inwards when a beam of light passes into an aquarium tank 
filled TOth_ water and outwards when it passes into the air again. Passing frorair to 
water the mcident angle * = 46^ m the figure, and the angle of refraction m Sven 
by Snell’s law, viz. sm i = sm r x R, i.e. ' ^ ^ 


oui ! — aai v XVii 

of R for air and water gives the value 1-3 or 4/3. From 

me tables sm 46 «* • yOvI, 

4 

smr= -7071 ■--= -6303. 

u 

rI? 4/4nr In using the formula remember that 

R IS 4/3 for hght pmmgfrom mto water, i.e. if R is 4/3, i is always the angle which the 
ray mi^es with the vemca m air and r is always the anele which ir maLo WlVIl 


- — - it uucuuyji me ucam, ii, howev/»r xwa 

f f mcidencf and "angle of refraction” literally then R J m 

for hght passmg from water to air, The first convention saves us the tmuhle nf 
rccordmg two values of R for each pair of media. 


^ technology of the telescope was not what first directed attention to 
J In contradistoction to the physiological distortion of objects seen near 
horizon, whenjiew^ ^ 

pmlcs anses m the^s^^^ phenomena, especially in connexion 

the coUedion of fines from motorists 
depends today. As you know, lightmg-up time is fixed when "civil twilight” 
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ends, and this rests on calculation of the times of rising and setting of the 
sun. From geometrical principles outlined on p. 99 and explained more fully 
in the next chapter, the times of rising and setting of a heavenly body are 
calculable from their position (R.A. and Declination) in the celestial sphere. 
Such calculations do not exactly correspond to the observed times of visi-* 
bility at the horizon level unless a small correction is made for an illusion 
which depends on the fact that light is bent inwards on passing from empty 
space into the earth’s atmosphere. The amount of this bending depends on 
the angle from which the object is seen, and has nothing to do with the 
imperfection of the eye as a physical insttument. So observations on the 
direction of the sun, moon, or stars, viewed near the zenith, do not accurately 
correspond to observations made near the horizon. To put the matter in 
another way, the sun is not geometrically in line with the horizon edge at the 
moment when it is seen setting. It is already a little below it, as the penny 
is a little below tlie line joining the edge of die basin to the eye in the dis* 
appearing coin trick. 

The astronomers of Alexandria were fully conversant with the existence of 
refraction, and realized that it provided the explanation of the disappearing 
coin illusion, and why bodies immersed in water seem to be nearer to the 
surface than we find tliem to be when we try to grasp them. The attempt 
to find a correction for "atmospheric refraction” led Ptolemy of Alexandria 
to make the first extensive physical experiments in which numerical measure¬ 
ments were recorded to discover the amount of bending. In his experiments 
he studied the passage of light from air to water, from air to glass, glass to 
water, and vice versa. For water and air, he used a piece of apparatus essen¬ 
tially like that shown in Fig. 75, Although Ptolemy obtained numerical 
data good enough for making an empirical correction for the bending of 
light in passmg from one medum to another, his results were not accurate 
enough to display the simple geometrical rule which more careful observation 
might have disclosed. Though atmospheric refraction does not aflfect observa¬ 
tions on the time of transit, it does affect observation of the exact time when a 
heavenly body is seen in a given position east or west of the meridian. 
When tile invention of the telescope revived interest in optical phenomena, 
interest in atmospheric refraction was renewed by the attempt to make 
accurate determinations of the moon’s R.A. and the positions of the planets 
by observations when they are not on the meridian with the help of 
methods explained in the next chapter. 


THE NATURE OF A SCIENTIFIC LAW 

There is much misunderstanding concerning the meaning of a scientific 
law. So it may be well at this stage to illustrate the meaning, scope, and 
method of arriving at the law of refraction by using the first recorded body 
of numerical data m the history of experimental science. By referring to 
Figs. 74 and 76 you will see what is meant by the angle of the incident ray 
(*) and the angle of the refracted ray (r) when light passes from air into water, 
The terms are relative to the direction from wliich we are supposed to view 
the source of light. If light passes from water to air it is bent outwards and 
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the incident angle is the smaller of tlie two. If Hght passes from air to water 
it is bent inwards and the angle of refraction is the smaller. The figures obtained 
in one of Ptolemy’s experiments* are given in the two left-hand columns of 
the succeeding table. 


Angle of 

Angle of Refcaction 

Calculated by 

Percentage Error 

Incidence («) 

0° 

Observed (r) 

0° 

Proportional Parts 

10° 

8° 

7|° 

3'1 

20° 

ISf 

161° 

L7 

80° 

22f 

221“ 

M 

40“ 

29° 

231“ 

0-9 

50° 

35° 

34f 

0-7 

60° 

40r 

401“ 

0-6 

70° 

80° 

46r 

50° 

461° 

0-6 

Suppose we are 

satisfied that every one of the figures in this table 


correct. That is to say, repeated observations agree. We can use the figures in 
one of three ways to calculate how much a ray entering water will be bent. 
The first is arithmeticalj and is called the method of proportional parts. 
To find the angle of reftaction when the incident angle is 22° we should 
refer to the observed values tabulated as above, finding that the two nearest 
figures, for the incident ray are 20 ° and 30°. An incident ray of 22° is obtained 
by adding 3 ^ or i of the interval (10°) between 20° and 30° to the former 
figure. The corresponding angles of the refracted ray are 15|° and 22|°, the 
interval being 7°. Adding i x 7 to 16| we get 16 •9. To see how far this 
procedure is satisfactory we may compare the values of the refracted angle 
in Ptolemy’s experiment calculated on the same assumption with the values 
he actually obtained. Thus 10 ° is half the interval between 0° and 20° and 
the corresponding angles of refraction are 0° and 15|°.. tialf the interval 
between 0 and 16| is 7| instead of 8 as the experiment gives. We then get 
the values given in the third column. The fourth column, showing the 
percentage error of the calculated as compared with the observed value, 
indicates that the greatest discrepancy is 3'1 per cent, the average being 
1 ‘2 per cent. For incident angles between 0° and 70° we might reasonably 
conclude that such calculations would not generally lead us to make an error 
much larger than 3 per cent, and rarely if at all more than 4 per cent. A 
second way of using the information provided in the table would be to plot 
the values on squared paper, draw a smooth curve as nearly as possible 
through them, and read off the values which we wish to find out, Either of 
these methods can be made more accurate by mcludmg as many observations 
as we care to malce in our table or graph of recorded results, and both are 
open to the objection that we have to refer to the original data whenever 
we wish to make a calculation. 

The third method of using the data is to find some simple expression 
from which all the observed values can be inferred with a fairly high degree 

■' * As given in the transkion cited by Brunet (Histoive des Scmces; Antiquiti), 
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of precision. Once we have found such an expression and ascertained how 
big an error can arise in using it, we have no need to refer again to tlie original 
data. Such an expession is the sort of condensed statement of observed 
truths^ known as a scientific law, Ptolemy did not himself succeed in detecting 
miy simple rule of this I^d connecting the numbers he obtained. The truth 
is that his observations on bending of the smaller and larger angles ( 10 °, 20 °, 

■ and 80°) were not very accurately made. With a device lilte the one in Fig. 76 



A sirnple apparatus for finding the law of refraction, which can be made with a fret- 
sp from three-ply wood. At A, B, G nails project. When one bar is held in any posi- 
. tion the other is rotated till all three projecting nails appear to be in line. From the 

r graduated scale of degrees, the "angle of incidence,” l.e. the angle light maltes with the 

vertical in air, given by the bar BC, can be compared with the “angle of refractionj” 
i.e. the an^lc light makes with the vertical in water, made by the bar AB. 

In this instance the source of light is the light reflected from the bottom pin A, 
and a ray following the path AB is refracted outwards in air along the path BC to the 
observer’s eye. It is immaterial which .we call die angle of incidence and the angle of 
refraction as long as we always keep one term for the an^e of the'light fay in air and 
the other for the angle of the light ray in water. Literally speaking the latter is the 
incident ray in this case, but the law is usually stated as for light travelling in the 
^ opposite direction, in which case the terms have the meaning given above. 

a schoolboy can get data which agree more closely with careful observations 
carried out with good mstruments. 

In seeking for a simple formula connecting two sets of numbers such as 
those ra the first left-hand column (?) of the preceding table and the corre¬ 
sponding figures in the next column (r) the investigator may be guided 
the shape of a curve based on his observations, or by analogy between 
the process that he is studying and some other process for which he already 
knows a 'satisfactory law. He may have to try several ways of stating the 

. 4 ^'^ 
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connexion before he finds one that is satisfactory. Kepler proposed the 
formula: 


Kr cos r 


* Kcosr~(K-l) 

Snell and Descartes gave the law as: 

sin f = R sin r 

In these two formulae K and R are “constantSj” i.e. fixed numbers which 
arc the same for any pair of media, e.g, air to water, water to air. For different 
pairs of media different values of R or K must be used. These can be tabu- 


P / i Ray at avdxing incldencs 



Fig. 76.—Limits of Refraction 

Four rays from tlie bottom and sides of a vessel converging at tlie same point P. 

1 . (angle of refraction zero) is not bent, when passing out into air. 

2 . (angle of refraction less tlian critical angle, C) bent towards the surface on 
emerging into air. 

3. (angle of refraction equal to the critical angle) emerging ray just grazes the 
surface. . 

4. (angle of refraction greater than the critical angle) does not emerge but is reflected 
downwards. 


lated in a short list of refractive indices. This dispenses with the need for 
constant reference to all the original experiments carried out to ascertain 
the law.* 

Having found a formula which seems to connect two sets of measurements 
in a physical experiment the first thing is to ascertain how well it fits them. 
As Ptolemy’s figures for smaller and larger angles do not agree with careful 

In using &em, of course, we must remember, that in passing from water to 
air instead of air to water, i will be the angle which the beam malces with the vertical 
m vmer and r will be the angle it makes with the vertical in air. The values of R are 
usually tabulated for hght passmg from the lighter to the heavier medium. Otherwise 
fhf rpcipropal qf % fabjilated valpe is used. See also p. vwwwise 
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observations which any competent person can make, we may shorten his 
table to illustrate how ^s is done. In Kepler’s and Snell’s laws K and R are 
constants for a given pair of media. How far this statement is true is seen 
from the following table which you will find it instructive to check. For 
instance, on looking up sin 20° in tables of sines it is found to be 0-342 and 
sin 15^° = 0-267, so that by Snell’s formula R = 0-342 -f 0-267 = 1 - 28. 

' Kepler’s formula Snell’s formula 

i 

I r I + (cosr)(r-i) "sinr 


20 

16i 

1-28 

1-28 

30 

m 

1-30 

1-31 

40 

29 

1-32 

1-33 

60 

35 

1-33 

1-34 

60 

40i 

1-33 

1-33 

70 

46| 

1-33 

1-32 


Having done this to find a representative value of the physical constant 
characteristic of the substances which we are using, we have npxt to test the 
accuracy of the law we propose to use. Taking the mean of the values in the 
last table as repsentative, K= 1-32 in Kepler’s law and R = 1-32 for 
Snell’s law applied to water and air, we may check the accuracy of each law 
by comparing values of r calculated by the formula witli values actually 
observed. For instance, by Snell’s law, sin r == sin / -f R. If i is 70°, sin i 
= 0-9397 and sin r= 0-9397 -f 1-82 = 0-7119. The tables give 0-7119 
as sin 46 - 38°, so the calculated value of r, (45 - 38°), differs from the observed 
(46|°) by 0-12°, and an error of 0-12 on 46| is 0-3 in a hundred’or less than 
0-6 per cent. Making a table of the percentage errors obtained in calculating 
values of r from values of i by the two laws we get the following: 


i 

Observed 

t Calculated 
from r by 
Kepler’s Law 

Percentage 

Error 

r 

Observed 

r Calculated 
from i by 
Snell’s Law 

Percentage 

Error 

20 

20-71 

3-6 


16-02 

3-1 

30 

30-61 

1-7 

22 | 

22-27 

1-0 

40 

40-12 

0-3 

29 

29-16 

0-6 

60 

49-71 

0-6 

36 

36-47 

1-3 

60 

69-46 

0-9 

40J 

41-00 

1-2 

70 

69-66 

0-6 

46| 

46-38 

0-3 


Mean percentage error 1 • 3 Mean percentage error 1-2 

Taking the facts as they stand, i.e. assuming that Ptolemy’s data are as 
accurate as we can make them by using the best instruments and the 
most careful record of our readings, we see tliat between 20° and 70° 
we can calculate the angle of refraction correct within 3 per cent, or 
within half a degree, by using Snell’s law. Clearly, also, there is not 
much to choose between the accuracy of the two laws with only this 
information to guide us. To decide in. favour of one or the other we may 
next compare the results of applying both laws to other media, e.g, water 
and glass, or glass and air, or, using the same apparatus as before, air and 
.paraflSn, air and alcohol, air and glycerine, or water and olive oil It might 
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happen that the average error was much larger for some media than for 
others, using one law, wMle the other gave results of equal consistency. We 
should then have a reason for deciding in favour of the latter. It might 
happen that the differences between observed results and values calculated 
by either law were never greater than the accuracy with which we could 
make the observations. For instance, it might happen that repeated observa¬ 
tions would not agree within half a degree, and that both sets of calculated 
values would not differ from the observed average values by more than half a 
degree. Either law would then be a safe guide to correct conduct, and our 

\ 

A. I 


\ 

\ 



Fig. 77 


One queer thing about the fish’s heaven is not mentioned in Rupert Brooke’s poem. 
The sun sets in the heaven of the fish at an angle of 49’ instead of 90’ from the zenith 
and the whole terrestrial world which is visible to the fish is compressed in a cone 
of which the apex Is 2x49°. When the sun is just dipping on the horizon its rays 
enter the mter at nearly 90° from the vertical, being then bent to 49° from the vertical. 
The result is that the sun appears to be at P. 

only reason for preferring one to the other would be that using it involved 
lesseffort.' 

In this case Snell’s law is the simpler of the two. That is to say,^ we can 
calculate more quickly with it. However, it should not be regarded as the true 
law of refraction merely because it is simple. It is more true if it yields 
results which agree more closely with observed facts. Even if it were less 
accurate than Kepler’s law we might still use it in certain situations. If 
you only want to know the angle of refraction within a degree, a law which 
tells you how to calculate it with an error of half a degree is just as good as 
a law which tells you how to calculate it within a hundredth of a degree. So 
if the first happens to involve less effort spent in calculation you will naturally 
prefer it to the second. In testing a law there is another important thing 
to remember. Our table shows how the law helps us to calculate the angle 
of refraction for incident angles between 20“ and 70“. Wbiild it he true from 
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0 ° to 20 ° or from 70° to 90° ? The data do not tell us, But two simple experi¬ 
ments suffice to show that Snell’s law holds good at the extreme limits. A 
beain of light passing vertically downwards is not displaced to the right or 
left, i.e. when f =3 0, r = 0. Snell’s law gives sin r« 0 -f R = 0, i.e. r == 0. 
If a beam of light just grazes the surface of the water the angle of incidence 

is 90°. Snell’s law shows that sin r = sin 90° -r R - 5 . Taking the mean 

R 

given above, sin r = 1 -f- T32 = 0*7576. The tables tell us that 0*7676 
is the sine of 49|° or 49° to the nearest degree. This means that a beam 
of light coming from air into water cannot be bent in so that the angle of 



Fig. 78 


Two prisms (with angles 90°, 46°, 46°) arranged as in the figure constitute the essential 
parts of a periscope. Parallel rays from the object enter the fi.rst face at right angles 
and are not refracted. The unrefracted ray strikes the slanting surface at 46° from the 
vertical. This is greater than the critical angle for air and glass so the ray does not 
pass out into the air. It is reflected downwards. 

refraction is more than 49° (i.e. bent downwards 90° - 49° — 41°) as shown 
in Fig. 76. Conversely if a beam of light in water is inclined to the vertical 
at 49°, (r = 49°), it will be bent outwards so much that it will just graze the 
surface as it passes into air, and if the ^‘angle of refraction” in water is greater 
than 49° a beam of light will not pass out into air at all. It will be totally 
reflected backwards at the surface (Fig. 76). This is called the critical angU^ 
and can be determined very accurately in agreement with Snell’s law. For 
air into^flint glass the value of R is 1*65 and (1 -r 1 *65) = 0*606 = sin 37’° 
'(nearly). So the critical angle for flint glass is 37°. Thus a prism with angles 
'46°, 46° and 90° can be used as a perfect mirror if placed as in Fig. 78. 
•Prisms are used as reflectors in binoculars and periscopes. 
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The main point to grasp about a scientific law based on measurements is 
that it is: (a) a condensed statement of observed facts to use as a guide for 
practical conduct, (h) the most economical way of getting a' result as accu¬ 
rately as we need it. So to say that a law has been superseded does not mean 
that it is wrong in an absolute sense. It is wrong to go on using a law when 
it is no longer sufficiently accurate for our needs, especially when we can 
summarize what is Icnown in a way which is sufficiently precise for use. 
Right and wrong in the domain of scientific laws is partly judged in its his¬ 
torical context, as believers judge the family life of the patriarchs. There is 
also a third sense in which a scientific law is not absolute. At certain limits it 
breaks down. In the quaint language used by scientific workers of the Soviet 
Union this is expressed by saying that “quantity passes into quality.” So a 
third point about using a law is tliat we are not entitled to apply it beyond 
the limits of the original data until we have ascertained within what limits 
it is true. When the incident angle of a beam of light passing from water into 
air is greater than 49° the law of refraction ceases to apply and another law, 
the law of reflection, has to be used. 

To use Snell’s law we need to know R for the two substances which we have 
to deal with, e.g. water and air, glass and water, etc. For any pair of them, 
R, can be found by experiment once for all. The values which have been 
found by careful experiment are tabulated in books of “physical constants.” 
As given in them, it is usually understood that the light passes from the 
lighter medium (e.g. air) to the heavier medium (e.g. glass). So, for purposes 
of calculation, the angle of incidence is the angle of the beam in 
the lighter medium, and the angle of refraction is the angle of the beam in 
the heavier medium, irrespective of the actual direction of the beam. Tliis 
convention saves us the trouble of recording two values of R for each pair 
of media, e.g. R = | for air to water, and R - f for water to air (Fig. 74). 

The tables usually give only refractive indices of transparent substances with 
reference to air. If you know the figures for R between air and two other sub¬ 
stances, you can calculate the value for R when light passes from one of them 
to the otiier by a simple rule which is easy to expose in a scale diagram like 
Fig. 80. The rule is 

R(BtOiC) = R(AtoC).f R(AtoB) 

Thus for air to ffint glass, R is given in the tables as 1 • 66. For air to water it is 
1’33. Hence for water to flint glass it is 1'66 -f 1*33 = 1<24. 

accurate DETEKMINATION OF THE REFRACTIVE INDEX 

From what has been said, it is clear that we need better data than the ones 
which Ptolemy recorded to decide between the* merits of Kepler’s formula 
and Snell’s law. With properly constructed instruments it can be shown that 
the latter is more accurate. The value of R (or the refractive index) of sub¬ 
stances does not vary more than 0'01 per cent when calculated aci:ording to 
■Shell’s law. ■■. 

One method of determining R for different substances is illustrated in 
Fig. 79. Another is shown in Figs. 80 and 81. When light passes through a 
transparent substance the emergent beam is parallel to the incident beam, if 
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One way of testing Snell’s law or of finding the Refractive Index (R) for ?a liquid is 
to^ compare the actual depth of an object immersed in a tall cylinder of the liquid 
with its apparent depth judged by holding a duplicate outside the cylinder in such a 
posiuon that both the immersed object and its duplicate appear at the same level when 
the head is moved from side to side. If Snell’s law is true: 


R: 


real depth 
apparent depth 


In the diagram 0 is an object immersed. The ray OB makes the angle r with the 
vertical and is bent outwards making the angle i with the vertical on passing into air, 
so that the object appears as if it were at I. By parallels 

«=ZAIB and r~Z.AOB 

: Ain AB , , AB 
sinAIB = -T^ and sin AOB = 

lii OB 

sint _ sin MB _ OB 
sinr sin AOB "IB 

When we are looking downwards the angles»and r are very sm^l, so that 

BO _ AO _ real depth 
BI Al apparent depth 

For water R = H so thatthe apparent depth is three quarters of the real depth. This 
iSi thbircason why a spoon appears to be bent vtiien half immersed in water. Every 
ppjtat.immersed in ±e water appears to be only i as low down as we expect it to be. 
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the two opposite faces are also parallel. If the faces are inclined, like those of 
a pristHi the emergent ray is bent inwards. For reasons shown in Figs. 80 and 81 
the value of R is related in a simple way to the inclination ^ of the two faces 
through which the beam of light passes, and to the angle D, which the emergent 
ray makes with the ray entering tlie prism when both are inclined at the same 
angle (x) to the faces from which they respectively emerge or at which they 
enter the prism. This relation is: 



Fig. 80 


Refraction of pure light of one colour tlirough a prism of 60Mhe refractive index 
(R) of the glass is 1 • 6. So if the incident ray (in air) is 45°, 

sinr = sin46'i I-6 = 0'707 v 1-0 =* 0-47. 

Since sin 28° = 0-47, the angle of re&action at the first face is 28°. 

To find the angle D for a prism with faces inclined at an angle A an instru¬ 
ment called a spectrometer is used. This consists of a source of light, which 
projects a thin beam on to the prism and telescope, both capable of revolving 
on a turntable with a graduated scale to record the angle. All that is necessary 
is to find the position in which the telescope and the source of light! point 
at equal angles to the two prism faces while the telescope receives the beam, 
To find the refractive index of a solid substance, a prism made of it is used. 
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To find that of a liquid a hollow prism with thin glass sides is filled with it. 
The precision of the law can be tested by the consistency of results obtained 
when prisms with faces inclined at different angles are used. 


180 ° 



0 ° 


Fig. 81.~Accorate Determination of Refractive Index. Diage.\m of 
Spectrometer 

The pmm (upper figure) is set so that the two faces which enclose A are equallv 
mchned to the line joining 0° to 180° on tire scale. The source of Hght and tire telescope 
are moved till tire telescope receives the beam wliile they are incliaed at equal 
angles a to this line. The angle of deviation (D) is then 180° - 2a 

The beams entering and leaving the prism, then make equal angles (x) with the two 
faces which enclose the angle A; and f =5 90°-■ X 

Since the ZD= the sum of the two interior opposite angles, each [i -r) 

,D = 2(j ~f) f« JD +r. 

Since the /_k and the two base angles,each equal to x + (/ - r), make up 2 riclit 
angles ■ : ■ ° 

,V A + 2(x + 1 - r) - 2(90°) ' 

A + 2(90° — i -)-}—?•) = 2(90°) 

' , ,r =>|A. 

• R - ^ sin^A -bD) , 

. : sin)” sin JA 

DESIGNING MIRRORS 

The social conduct for which the laws of reflection and refraction provide 
mmth guidance indides designing mirrors for shaving, or as reflectors for 
lamps, for searchlights, for telescopes and for periscopes! prescribing lenses 
fer spectacles; or combining lenses in cameras, in magic lanterns, in telescopes, 
in inicjoscopes, and in various surgical devices like the laryngoscope and 
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auroscope; also designing prisms for spectroscopes, for periscopes for 
binoculars. Designing lenses of die right curvature to produce magnification 
involves a knowledge of refraction at curved surfaces, “/o^^ttadistmcuon to 
refraction at a plane surface described m its simplest form by Snell s law. 
The nature of refraction at curved surfaces is more easily understood 
when we know how magnification can be produced by reflection at curved 

^^l^^hnage produced by a plane mirror cannot be caught on a screen. It 
is a virtual image. To represent it in a scale diagram we have only to remember 



Fig. 82 


T k caUed the virtml image of the object 0, because it merely represents the point 
frnm which the reflected rays entering the eyeball appear to diverge. Tbs point hes 
Srtehbd bfn^rror as'the object does m front of Ae mirror. A virtual image 
cannot be caught on a screen. A ml image (pp. 156,167) can. 

that the only “rays” of fight visibly reflected from any point on an object 
(Fig 68) are those which do not diverge by more than the width of the 
pupil where they enter the eye. This means that to represent the i^ge of 
any point of an object placed before a mirror we only need to follow the 
path of any two rays which enter the eye and trace them backwards to the 
point from which they appear to diverge. Using this method (Fig. 82) shows 
us that the image of a point at a certain distance in front of a mirror is situated 
at die same distance behind it. By tracing out the course of two rays from 
each of the three corners of an L-shaped figure, as in Fig. 83, we also see 
that the virtual image is upright and reversed from left to right. To put the 
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issue in another way, the image of a page of print seen ia a mirror resembles 
the appearance we should see if we were looking at the script through a 
transparent page. The method of reconstructing the image by representing 
small beams of li|ht or “rays” reflected from its edges as geometrical fines 
therefore agrees with the three most familiar characteristics of reflection 
from a flat surface like a hand mirror or a pool of water. 

In applying the same device to mirrors with curved surfaces such as form 
a slice from the surface of a sphere, the Alexandrian astronomers used the 
reasoning which they had learned to use in dealing with the observer’s 
horizon. We can look on the immediate neighbourhood of the place where a 



Fig. 83 


By considering the points from which any pair of rays appear to diverge when an 
angular object is placed before a mirror we can see why die image is reversed ftom 
left to right. (The rays as drawn diverge more than would be possible for any pair of 
rays entering the pupil unless the object were very small compared with the eye 
placed very close to die object. The exaggeration is necessary to make the relations 
between object and image clear.) 

ray of light strikes a spherical surface as a fittie patch of flat earth. That is 
to say, the ray is reflected as it would be if it struck a flat mirror placed in the 
plane which is tangential to the surface at the point where it strikes. A fine 
which joins the point where the tangent plane grazes the surface to the centre 
of the imaginary sphere from which a concave or convex mirror is supposed 
to have been sliced off as in Fig. 84 must strike the tangent plane at right 
angles. If a ray does so, the angles of incidence and reflection are equal. So 
a ray passing along the fine which joins any point on an object to the "centre 
of curvature” of a spherical mirror is reflected back on its own path. Any 
other one is reflected in the same plane so that the angle the reflected ray 
makes with the line joining the point, where it strikes to the centre of curvature, 
is equal to the angle which the incident ray makes with the same line. Rays 
that fall parallel to the fine which joins the centre of the mirror to the centre 
of curvature are reflected so that they eitiier converge towards (concave 
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Fig. 84 


A concave or conva mkror can be looked on as a slice from a sphere 
polished on the inside or outside respecuvely. The Ime jo^g a pomt on tje smface 
of a sphere to its centre is perpendicular to the tangent. So the incident and 
ray tSke equal zenith angles with the line which joms the centre of curvature to the 

point from which the incident ray is reflected. 



Fig. 85 


The two rules which suffice for representing the image formed by an object placed 
brfore a concave and convex mirror are: ^ , 

(1) A ray (a) which strikes the mirror so that it passes tlirough or is directed towards 

the centre of curvature is rdected back along its own path, 

(2) A ray (h) which runs parallel to the optical axis of the mirror is renected back 
so that it passes through (concave mirror) or appears to come from (convex mirror) 
the focus. Conversely, a ray (d) coming from the focus (concave mirror) or proceeding 
towards it (convex mirror) is reflected parallel to the optical axis. The optical axis is the 
line which joins the centre of curvature to the centre of the mirror. 


Spectacles and Satellites 155 

surface) or appear to diverge from (convex surface) the neighbourhood of a 
point c^ed the Fom between the centre of curvature and the mirror itself, 
If the distoce between the centre of curvature and the mirror is large com¬ 
pared with the dltoeter of the latter, the distance of the focus from the 
mirror (the focal len^) is approximately half the distance (radius of 
mirror to the centre of curvature as in Fig. 85. 

_ If the curvature of a concave or convex mirror is measured we can there- 
tore reconstmet the position of the image when the object is placed at a 
measured distance from it by tracing the path of two rays from each of 
sewral pomts at the boundary of tlie object. For practical purposes the two 
end points are enough. One ray from each point is in the same straight line 
which joins it to the centre of curvature. This is reflected back along its 
own path. The other is parallel to the optical axis and is reflected back so 



Fig. 86 


Rays parallel to tlie optical axis converge to tlie focus of a concave mirror which can 
therefore be used like a lens as a burning-glass. Rays which come from the focus are 
reflected parallel to the optical axis. If they come from a point between ffie focus 
and the mirror they diverge on reflection. This is how mirrors are used on lamp 
reflectors or in headlights to produce a diverging beam of light. 

that it diverges from (convex mirror) or converges towards (concave mirror) 
the focus (Fig. 86). 

The image produced by a convex mirror has the same general charac¬ 
teristics wherever the object is put. It is an upright virtual image reversed 
from left to right Hke the image formed at a plane surface, differing only in 
so far as it is always si«a//«r (Fig. 87, a) than the object. This compresses 
a larger visible field into a smaller space. So such mirrors are used as reflectors 
for motor-cycles and cars to display objects approaching from behind. If an 
object is placed between the focus and surface of a concave mirror (Fig. 87, b) 
an upright virtual image reversed from right to left is also obtained. Instead 
of being diminished the image appears to be larger than the object. Everyone 
who has used a shaving mirror, which belongs to this class, knows that the 
image enlarges as the face recedes till a certain distance is reached when 
no clear image is seen. , This point is the focus. If an object (Fig. 88) like a 
candle burning in a darkened room is placed beyond the focus of a concave 
lens tilted a little, we can focus a real and imertei image on a screen, c.g. a 
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piece of paper. If the object is between the focus and the centre of curvature 
a clear enlarged image is obtained when the paper is placed a certain distance 
beyond the centre of curvature. If the object itself is j^laced beyond the 
centre of curvature the screen must be held in some position between the 
centre of curvature and the focus to get a clear image, which is theii seen to 
be smaller than the object. Concave mirrors are used in astronomical tele¬ 
scopes, The object is at a great distance. So an image is formed very near 
the focus, where it is studied with a lens combination called an eyepiece. 


/ 



Fig. 87 

(а) The virtual upright diminished image produced bv putting an object before a 
convex mirror as in using one for sighting objects in the rear of the motor-cycle, 

(б) The virtual upright enlarged image when an object is placed withm tlie focal 
distance of a concave (e.g. shaving) mirror. 

By applying the two simple rules given in the legend of Fig. 85 we can 
make a scale diagram (Fig. 89) of the position of the real image and the 
object, and thus calculate the centre of curvature of the mirror or its focal 
distance. Having done this we can make a scale diagram for the size and 
position of the image when the object is placed in another position. The 
results can readily be checked. Having justified the method we are not bound 
down to drawing a scale diagram to get similar results. The geometry of the 
scale diagram shows us how to calculate the magnification and position of 
the image by the simple formulae explained in Fig. 90. From these formulae 
we can deduce what curvature is necessary in designing a mirror to give a 
suitable magnification at a convenient distance for shaving. 
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Fig, 88 


The real inverted image of an object placed beyond the focus of a concave lens may 
be enlarged if the object is within the radius of curvature, or diminished if beyond. 



Fig. 89 


The real image produced when an object is placed between the focus and centre 
of curvauife of a concave mirror. If the arrows are reversed tlie figure also illustrates 
the cas® ''vhere the object is placed beyond the centre of curvature. Most optical 
diagrams ate reversible in one way or another. 
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Fig, 90.—Formdia for Magnification and Position of Images 

In diis diagram C is the centre of curvature and F the focus of a concave mirror. Its 
radius of curvature r is equivalent to OC and its focal length is equivalent to OF, 
When the object is between 0 and F a negative sign which precedes the numerical 

value oft) indicates that the distance is measured to the left of 0. , 


Size of objeaAB^XO (approx.) „ ^ 

Size of Image = DE 

Distance of object OB = m « CB + 2/ 
Distance of image OD = t) = 2/ - CD 


. DE 
Magnification = ^ 


AR DE ...s DE , XO, AB 

W5p = mi-gjC«PPK«.) = OT 

DE DC 2 /-» . DE DF . «-/ 

AB “CB “tt-2/ AB OF / 

. Combining (i) and (ii) ^ = |^ ' *. «t-- «/ -2/t)+ 2f = 2/* .-/t) 

m-fo = vi (iii) 

Formula (iii) which gives the position of the irnage that of the object and the focal 

length (Jr) are already known is easier to recall, if written: 

1,1 r;.. 

The linear magnification (ii) is (t) -/)-r/ “=j - 1 5 and since (iv) may also be 

written as:^ ^ the magmfication is: 

If the mirror is convex OF is measured to the left of 0 , and a similar figure shows 
that formula (iii) holds when a negative sign is attached to the right numerical value 


m - a/ - 2 /t) + 2 /** = 2 /® -/m 


COMBINING LENSES 

The rules which have been given for finding what sort and size of image 
is produced by an object placed at a known distance from a mirror, or where 
the image is situated, can all be demonstrated by means of a simple optietd 
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bench (Fig. 91) which can also be used to make similar experiments with lenses. 
Most lenses used in optical instruments are of two general classes (Fig. 92),. 
diverging lenses, which direct the path of a beam parallel to the optical axis 



Fig. 91 


Home-made bench for measuring position and size of real image formed by 
converging lens or (with holder and lamp reversed) concave mirror. 



Fig. 92^' , , 

Diverging lenses: (a) planoconcave; (J) biconcave. 

' Converging lenses: (c) planoconvex; (d) biconvex. 

F is tlie focus in each case. 

away from a point called the focus situated on the same side of the lens as 
the source of light, and leases, which bring the to a focus 

*on the side remote from the source, as when we use a lens to bum a hole 
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focal distance of the lens. To find the focal distance of a convex lens, we only 
have to find where a screen must be put on one side of it in order to get the 
clearest image of a very distant object. 

Having found the focal length of a lens we can calculate the position and 
size of tlie image from that of’the object, or conversely we can find the focal 
length of a lens by measuring the position and size of an object and its real 


Fig. OO.—Formolae m Magnification and Position of I,!;Ns Image 

The positive sign signifies that a distance is measured from the lens on the mmt #ii!e 
as the object. Hence, if/is the focal length of the lens, PI' ^ ^ -/ 


Size of object AB o = CP 
Size of image DB = i 

... CP , DB 
(i) -■ tani) -«iQp".pf 


Distance of object • ■= BP 4. u 
Distance of image DP a™ v 


AB ^ DE 
(n) gp = tanfl = g|j 


Combining (i) and (ii) 


-?/ » tfi; - tif 


This formula for position of the image is easier to recall, if wriitcnt 


Linear magnification is 




image, by a simple scale diagram lihe the ones shown in Figt. 97 atnd 98. 
Alternatively, the calculation can be made from a formuli which can be simply 
deduced from the geometrical relations of the diapm, as shown in Fig. 99. 
The truth of the rules applied in either way can be easily escabliibed by 
simple experiments with an optical bench like the one in 9L Thdr pc- 
tical use lies in finding what magnication can be got from ctmbiniitiofls 
lenses In instruments like the telescope and micwscopc, 
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i'lU, KMIUK’S TEWSCOI'K 

R«y» Cuming frum ilic ili'j.ifit ubject ci)mmri,’,c rn puiriM un ihe re.d itivciied iimiKO 
wWch would be seen if « .scfccn were pinced beiwctn the ubjective wni eyepiece. 
Prom cadi of Uicsc puiina « owe of roys then diverges ngaiii. From tlicsc we can 
seleaiwo for graphiul rei>fc,«iiii!uon, one going through liie centre ot tiie eyepiece 
uabcm,onc paraild to the in'tical iui.s; .-iu do not be misled itim ihiiiking tiiat the 
rays drawn from the u}ijc(.tive to the !ii.st iniagc arc bent at tlic laiter. The niy passing 
through the centre of die cycp-iccc would not cxi.it in a teicKcopc iiaving tlie precise 
pnapordofli shown, it h imt in au a sainple to find the apparent originof ttic ruys tliat 
th exist, i.e, the vititwl iirugc, The focus of tJic ohjeciivc is Iv That of the eyepiece 
i* F*. In the figure die object is not very distant .vid the real image is foraicd bc- 
yomi F#. Where die object is at a etimiJcrablc distance the red image falls almost 
8t Fj and the lenses are btougin logeihcc so dwt F’j and F', pwctially coineide. 'i'lic 

ffiagnifleatba i« the ratio of die angular dkmcieis: * if die itigies are small 
8S stated m p. Bisi, 


ia tan ill 

Whea Ffl and F# are very clft-sc, so that the first image is wdy juii beyond the focal 
disKsee of d» objective ami just inside the focal distance oi the eyepket {lower 
ngwe) 
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The simplest combination of lenses to form a tclescnpe is Kepler s 
(Fig. 100). This is made of two converging lenses. One makes the rays ot a 
distant object converge very slightly beyond the focus,^ The inverted real 
image which can be seen if a semi-transparent screen is placed in a .suitable 
position between the two lenses is formed in front of the eyepiece at a 



Fig, lOb-GAUMio’s ItosOTPr 



mmes 


Fig. 102,-THii Microscoi'I-; wrm fliMii,!; l'.yi;pi{;r.r 

distance slightly less than its focal distance. Where the rays would converge 
to form an image if a screen were presentj tliey diverge again in all tliwiias, 
as from the edges of an illuminated object, So the ie.salt is the sime is If a 
real object were placed withk the focus of the eyepiece, i.e. i migaifid 
virtual image is produced, Kepler’s arrangement therefore gives an inverted 
image, Hence though useful for astioaomicai purposes if is not suitabk 
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for viewing latulsaipcs or the actors on a stage. For the reasons iilustrateil 
in Fig, Inn tin; magniheation is the ratio of the angular diameter (h) of the 
virtual image iuitUhc an)',ular diameter («) of the object as seen without 
the ictecope. This h iho ratio of the focal distances of the liir lens and 
the eyepiece, 

^ ihe simplest type id aiinbination which giva an upright image is Galileo's 
(Fig, h)l). This is the type of arrangement used in opera-glasses. The eye- 
pica is SI diverging lens. In ordinary dreumstanas a diverging lens produces 
a diminishtd upright linage whidi appears to be situated on tlie same side 
oi the lens a', the tiiigtct. This k IsccauHc rays diverging trom the object nrc 


Find Imacjc 



Ffo. IMVIUIINO Eww, 

A telwwpe maik of ci»nvcr|tflg lenses cm he mmle to five m erect image by using 
ft tlurd- lOT. If the first real iroge formed near F„ the focus of the ol»}e*:t!ve» ii made to 
f*h at ft dh we catsivslctti w tisit it* foat length from the second lens, a r«l toite 
whkh is m bvuMm of the fost oMge, cauiwleat te s» to it, it formed it the iw# 
mstance fttro the scamd !em mi me opposite side, This imige ii, therefore, the 
wy up m the objeit. if it k formed at i distrace jitt t little las to. the foal 
olstwiat of the third lew, a nwg'ijiiied vintiil wui erect itwge i* leta by'tbs eye, 

made to th‘v«s|;c; more so that they seem to come from nearer the lens 
(Fig, &i), In iht tcfcscupic arrangement tlie diverging lens is placed faetweeu 
the ccsjvaimg Icni and the posiiitm where the real image would be formed 
if the eyepiece were not there. These rays, converging to the focus of the 
converge leas, are made to diverge so dtit they appear to come from a 
virtual image larger than the real image which would otherwise be formed. 
This virtual image is an invcndon of ilu: latter, and since the latter is itself 
iavatted, the rault is an upright image of the object seen. 

The ^micwcope (Fig, 102) is esscniially like Kepler’s telcswpc, The 
ol^ k placed tt « distaaa from the “objective" greater tlmn—but Ies.i 
thin ter^Mhe ftxni dis^oe of the latter (see Fig, 9H), So a rod, enlarged, 
sad foveited image is formed b front of the eyepiece at a distance less tlian 
foe focal dkiMce of foe eyepiece. The real image produced by the objective 
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is seen as a virtual image which is magnified still further. Any two lenses of 
different focal distances can be used as a microscope or telescope according 
as we use the lens of greater or smaller focal distance as the eyepiece. 

A microscope of two converging lenses like a telescope of the same type 
produces an inverted image. One way of avoiding tliis is the use of a cora» 
pound eyepiece (Fig. lOB) consisting of two lenses, If one is placed so that 
the focus of the objective is separated from it by a distance equivalent to 
twice its focal distance, the first or real image is replaced by a second reveped 
real image of the same size. The lens nearest tlie eyepiece gives^ a magnified 
virtual image of the second real image. If the first real image is foroied in 
ixont of the second lens at a distance greater than, but less tlian twice, its tol 
distance, the second real image wiU be larger than the first, so that it will be 
magnified successively by the two lenses of the eyepiece. 

COLOUR FRINGES 

If you make a simple Kepler’s telescope or a microscope by combining 
two cheap lenses of different focal distance, as explained, you will have no 
difficulty in discovering why scientists were forced to bother about the nature 
of colour, when instruments to produce high magnification began to k 
manufactured. Any image formed by a combination of ordinary lenses is 
surrounded by a coloured fringe which blurs the outline. The higher the 
magnification, the more troublesome is the distortion which this coloupd 
fringe produces. People had long been familiar with the rainbow effect which 
is seen when light shines tlirough pieces of glass rat in tlie sliape of a prism, 
as in Venetian chandeliers and the like. A phenomenon which had hitherto 
been accepted thankfully as an ornament now became a soda! nuisance. 
Men who were active in advancing the study of astronomy, among whom 
Newton was foremost in the seventeenth century, were compelled to investi¬ 
gate colours. For tlie observations which led Newton to advance the views 
now accepted no technique which was not available to the scientists of the 
HeEenistic age was necessary. What was new was« nm weid md. To make 
good telescopes it was essential to get rid of the coloured fringe, 

Nature, as Bacon taught, can only be commanded when we have first 
learned to obey her. To get rid of die coloured fringe we iiave m untaand 
in what drramstances it is produced. If a parallel beam of sunlight shinkg 
through a slit (or of a lamp focussed with a converging lens) strikes tk llcsc 
of a glass prism, one of two things may happen, It may bt bent so that it 
strikes a second face, making an angle with the vertical pester tlsn the 
critical angle, so that it is totally reflected as in Fig. Hi Otherwise it passes 
through the prism, wMiout reflection at one of to faces, is i betm with 
diverging edges. If this diverging beam falls on a plane surface it produoMt i 
spectrum, a series of bright colours; violet, blue, green, yelktw, lad red 
(Fig. 104). If part of tius coloured beam is allowed to piss thrmi^ i iwmd 
prism, the only colours which appear in the second spcctmm be 

which are allowed to strike the second prism, ITifi specwm ewt i priwn 

can be recomposed into white light by passing it through a ffcwnd inverted 
prism (Fig. 106) or by bringing the rays to a foras widi a lra«. 
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Such simple expcrirnenis show that ordinary white light can be decom¬ 
posed into dilfereiit sorts of light, which we reragnizc by their colour, What 
our senses recognize as tshite light is not merely complex. It is not neces¬ 
sarily built up in the same way. It can be produced by combining the pure 
coloured lights of the spectrum in various ways. Superimposing the pure 
coloured lights of the spectrum (with the right degree of brightness) leads 
to surprising results. The combination of blue and yellow gives white. So 
what we recognize as white liglit may be made of all the coloured lights of 
the spectrum, or of a mixture of blue and yellow alone. Green and red give 
yellow. So what we recognize as yellow may be either pure spectral light 
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Newton'* ctasskal c»fn;rimer« in which a spectrum wa* fomied on t screen with « 
sfii, whicli could he adjusted tn iulioit only light of« particular report (e.g, yellow) 
rf the ipcctrum. The colour < >f the pure "mtmi>diroraatic ligltt” which pssed through 
the ilit could not be changed by s second prism. 


which cannot be decomposed, or a mixture of green and red, which an be split 
into to coMtituems with a prism. Blue and red, give magenta. Migenti and 
peoj pvc white. 

Tte corabinatiuns are not what we should expect from the visible results 
of mixing paiuB. For instance, blue and ydbw dyes usually produce green 
when tailed. If we let light pass through a solution of blue dye before it 
strikes a prism it is nearly always found tliat the spectrum consists of a 
oettain proportion of green rays as well as of blue, "lire dye falls to transmit, 
Le. it “abiorbs,” red and yellow rays. A convenient anungemeat for examining 
I^t tiMsmiti^ through a prism is caikd a spectroscope. A yclbw dye n«d 
not be yellow because it absorbs aU light except spectral yellow. It may be 
yellow because it traniroto red and green, absorbing all ottor colours. When 
such a yellow is mixed with blue the blue half of the mixture absorbs yellow 
aad red ray*. The yellow half absorto blue lays, leaving nothing but green 
to be ttimsimttd In the same way a visibly red substance may be red, like 
, 9* . 
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wc explain this by saying that electric light or gas light contains more red 
or yellow light than sunlight. Ihe conditions of urban life in^ northern 
climates, the multiplication of sources of illumination/and artifidal dyes 
have compelled us to set up a standard of measurement by which wc can 
tell how much light wc get for the money wc spend on illuminating our 
streets and dwellings, and how diiferent shades of pigment^ harmonize, 
The principle used in determining the candle power of an clectrk light bulb 
is a simple application of Alexandrian optics, The only evident reason why 
antiquity did not bother to measure light is that antiquity had no need to do so. 

Intensity of ordinary white light is measured nowadays by comparison 
with a standard source of illumination. The lirst standard set up was a candle 
of particular dimensions and composition. The British standanl was a sfxtin 
wax candle weighing six to the pound and burning k’d grains 1 %': hour. 
There are far more reliable sources of light today, and though wc use the 



1 

Fig. BW 

A beam of light which diverges from one and the same .smirce illumitistc'i Itnir times 
the area at twice the distance, nine times at three time,! the disiuncc, itnd sn h^rth, 
Hence the intensity of illumination or quantity of light fallhig on unit urea h iintisely 
proportional to the square of the distance, 

term candle power, the actual physical standard used is not a candle. One 
of the best is a specially constructed burner for a wnstant mkiure tsf air and 
pure pentane (the chief constituent of gasoline) arranged to give a Ikmc of 
fixed dimensions. This is defined as a candle power of ten, To find the candle 
power of any other source of light by comparison we compare the distances 
at which the standard and the source of unknown randle power produce 
the same brightness. One way is to place them on opposite sides of a paper 
screen with a grease spot which makes the paper translucent in the middle. 
When the amount of light reflected from the opaque part and transmitted 
through the grease spot is equal on both sides, the ouine of the grease becomei 
invisiWe. Another way is to compare the distances at which two shsdowi 
cast by the same object on tlie same screen, when the two sources of fight 
are not quite in the same straight line with the object, look equally dark. 
From the elementary principle that “light travels in straight Mocs,” it foUowi 
(Fig. 107) that the brightness of a source of light, i.c. the tmouat of fight 
which falls on the same amount of surface, is inversely proportional lo the 
square of the distance, So, if the dismnccof the souks from the growe spot 
or shadow-screen of the “photometer” is throe times the isamce of tk 
other, and the grease spot is invisible or the shadows ire matched, its ctn& 
power Is nine times as great, 
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One oi lilt* earliest optical phenomena which attracted interest was the 
inteni.e heat piodotsed at tlie focus of a concave mirror when a parallel beam 
ol sunlight strikes it. One legend credits Archimedes with applying the 
principle in naval warfare iiy attempting to set fire to enemy ships with large 
metallic n]irror.s. The analogxius experiment for setting fire to a dry leaf or 
a jfiece ot jiaper with a magnifying glass is one which most of us have carried 
out in our schooldays. I'hc most celebrated burning-mirrors were made about 
the time of Newton's work on tlie spectrum by Tchimliausen, who, with a 
large coj'pcr concave mirror, used the sun’s rays to boil a kettle of water and 
to melt: a hole in a coin. 

.Snell phenomena force us to examine more closely what we mean by liipu 
rays. Oidiuiuily wc recognize a beam of light by ite dlect on our eyes. The 
spectniin teaches us that unaided vision does not distinguish lietween colours 
which m tinind to Ixt different when examined with a prism. Our eyes are 
not pet fiat iu',irmncm.s for recognizing when things arc alike and when they 
are dillerent, Ho wc have to look for a new way of defining colour. The 
phyMcist says that things are of the same colour when they absorb rays of 
the satac part of the spcclrutn. If our eyes arc faulty as a means of recognizing 
eoionr, our judgments may also lie faulty when we say that a beam of 
can lioil a kciilc or blur a photographic plate. Some people are colour- 
hlind in the sense that they cannot distinguish between green and red. It 
is easy to sliow that the distinction which the rest of us recognize is a real 
one, Wfiire light .slfming thrmigh a piece of red glass which absorbs all 
niy.s except red, as dtK*f. the ruby lamp of the dark room, will not spoil a 
phomgntphic plate, White light shining through a piece of green glass does 
so. Jtisi a?, the ettccts which we olrscrvc in mixing colours caimot be explained 
ity .stickuig. to the belief that two colours arc the same if the eye detects no 
liifforcncc, so ilie physical dfccts whidt we a.scribe to “light” do not corre- 
.s|HHtd pcitcciiy witli what we arc able to recognize at fmst sight. In a certain 
sense we are till colour-blind, 

The tliscovcry that this is a was not made till more than a hundred years 
tiitcr Newton’s work on the sjKicirum, when the blackening of silver chloride 
in sunlight was ti{',st studied, 'i'his dfcct. of a visible source of light on silver 
salts is ilic basis of modem photography. We thm know of two physical 
diects other than what wc sec directly when light shines. A source of light 
can tw used to produce heat or to produce chemical change, Neither of 
these effects turrcsjmnds exactly with what wc usually recognize as light, 
i.e. the visible Hmiis oiThe sjKCtnim at the red and violet ends. If we move 
a sensitive ihcrmomctcf along a spectrum tlirown on a screen it detects heat 
above the visible limit of the red end of the speermm and registers very little 
dfcct in the visible violet. An ordinary photographic plats Is affected very 
little by the red rays, and is blurred be}' 0 nd the limits of the visible violet 
end of the spectrum. If the spectrum is thrown on the screen vertically, the 
thermofficier registers no heat when moved sideways beyond the visible 
liffiils, which are sharply defined, 'i’his points to the conclusion that the 
photographic plate be affected by light which fe more highly refracted 


174 Science for the Citizen 

than light which we see directly, and that heating can be produced by light 
which is less highly refracted than light which we see directly. 

To avoid using the word light in an unfami l ia r sense, you may prefer to 
speak of three lands of “radiation,” visible radiation, invisible “infra-red” 
radiation which is recognizable by its heating effect, and “actinic” or ultra¬ 
violet radiation which is recognizable by its chemical effect on silver salts. 
All three sorts of “radiation” have four characteristics of visible light. First, 
they can be communicated through empty space. That is to say, the effects 
which we describe as characteristic of a certain kind of radiation occur when 
the source is separated by a vacuum from the thing it influences. Second, 
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Fig. 108 



A hot metal ball is placed at the focus of a concave metallic mirror. The blacli; bulb 
of a sensitive thermometer placed at the focus of a second mirror registers a rise of 
temperature, In the type of thermometer shown (an “air thermometer”) tlie two 
blackened bulbs contain air. The expansion of the air in one bulb forces the fluid in 
the corresponding limb downwards Unless the metal ball which is the source of 
radiation is nearly incandescent, no effect will be registered while a slab of glass is 
held between the two mirrors, 


they display the phenomenon of refraction, as the spectrum experiment 
shows. Third, they are reflected according to the same laws as light (see 
Fig. 108). Finally, they are obstructed by a black surface. If actinic rays fall 
on a blad surface they are not reflected or scattered. Hence the image of a 
black objert does not darken silver salts. That is why the photographic plate 
is a “negative.” The absorption of heat rays is illustrated by the arrangement 
on the left-hand of Fig. 109, which also shows (right-hand) that a black sur¬ 
face emits heat radiation better than a white one. 

The absorption or obstruction of radiation by a black body is always 
accompanied by rise of temperature, the effect being speciaHy pronounced 

are less highly refracted. We call the infta-red rays heat rays when the pro¬ 
duction of heat is their most striking effect. Nowadays, we know chemical 
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reactions which are sensitive to these rays, just as the silver bromide of the 
ordinaiy photographic plate is sensitive to actinic rays and to visible rays in 
tlie blue end of Ae spectrum. Such reactions form the basis of infra-red 
photography. Asid?: from the specific physical effects mentioned, and the 
extent in which tliey are refracted, different sorts of radiation diffet con¬ 
siderably in the ease with which they pass through different substances, 
Some lands of glass are comparatively opaque to the invisible ultra-violet 
rays, which affect the photographic plate. This fact is of biological importance 
because some chemicti reactions which occur in the animal body depend on 
ultra-violet Ught, The invisible heat rays of the infra-red spectrum pass 
through glass, otherwise we should not be able to recognize them. There 



Fig, 109 


A metal box filled with boiling water can be used as a source of heat ratotion^ If the 
box is unfformly white, the black bulb of an air thermometer of which the other 
bulb is unblackened registers greater absorption of heat. If one face of the box is 
black more heat is radiated from it. 

are other heat rays which do not pass through glass. A body which is heated 
to incandescence soon ceases to give offbeat rays which pass through glass 
when it cools beyond the temperature at which it just ceases to be visible, 
although (as the experiment of Fig, 109 shows) heat rays can be detected 
from a metal box filled with boiling water. Thus a greenhouse is a heat trap. 
It admits all radiations which pass through glass. These are ' absorbed, 
producing a rise in temperature, which leads to the production of heat rays, 
which cannot pass through glass. Dry air is highly transparent to the heat 
rays. Water which permits visible light to pass through it with hardly any 
loss is relatively opaque to invisible heat rays, especially if a little alum is 
dissolved in it. Some substances which obstruct visible light are readily 
penetrated by invisible radiation. The X-rays of medical diagnosis are ultra¬ 
violet rays which can penetrate tlie tissues of the human body sufficiently 
yvell to act upon an ordinary photographic plate. 
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EXAMPLES ON CHAPTER III i 

{Tkse cm he answered by makins scale diaip'imts on f;ral<h paper) j 

1. A concave mirror is 10 inches wide and i inch deep in the centre (neRlectinj: I 
the thickness of the glass). How far away must tlic chin be held to olitidn the 
best magnification for shaving? 

2. An extensible camera gives a clear image of a distant landscape when tfie 
lens is 8 inches from the ground-glass screen. How far must tlic ficrct-n be 
extended to get a good photograph of the page of a rare book placed 2 feet 
from the lens? 

3. At what distance from the lens should tlte hook be placed to get a repro¬ 
duction of exactly the same size, and at what extension of the plate from the 
lens? 

4. To make a lantern slide of the same oldecc quarter size at what tlistance 
from the lens must the book be placed, and how fur must the plate be from 
the lens? 

5. A camera extends so tliat when the lens is 1| feet from the screen it gives 
a life-size image of a bird’s egg in the nest. At what length mu'Jt it he htcnvicd 
to snap a hawk hovering high overhead? 

6. A headkmp consists of an electric light bulb placed at the focus of a con¬ 
cave mirror, and a diverging lens S) inches in diameter and of local dintance 
12 inches placed 4 inches in front. By how much will the angular divergence 
of die beam be diminished if the lens is sliifted forwards by 2 inches? 

7. Make a diagram to show the images of a point placed midway between 
two mirrors, and confirm your conclusion by standing between two. How is it 
that the moon’s image is replaced by a band of light when the sea Is covered 
by ripples? Find the distance between the tliird and fourth image seen in each 
of two mirrors 10 feet apart widi an intervening object 7 feet from one td' them. 

8. Draw a diagram of the images formed by an object equidistant between 
two mirrors inclined (a) at 90*, {b) at flO", How many images arc formed in 
each case? 

9. A glass vessel 8 inches deep is filled with 
(a) methyl alcohol, whose index of refruedon is I ■ 332, 

(&) carbon bisulphide, whose index of refraction is 1 • 93. 

(c) Canada balsam, whose index of refraction is 1 * S2. 

(d) ethyl ether, whose index of refraction is I - 352, 

What is the appwent depth in cachcasc? 

10. What is the apparent maximum north polar disttnee of any star ever 
visible to a fish m tk llivcf Tliames (Ut. 51“^ 

11. If the index of refraction from empty space to lir is MiCWS, find tite 
true elevation of the sun above the horizon plane when the observed altitude 

Is 46^ (Asstime diit the earth liapproxiM 
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_ 12 . II a l(ing“Sightcd person cannot .see objects nearer titan 50 cm. dis¬ 
tinctly, lind the fociii length of a spectacle lens which will enable him to see 
objects as near as 2o ctn. (clue—the lens must be capable of forming an image 
at f.(» cm. of an ofljeet placed 25 cm. from it). Will the lens be converging or 
diverging? 

^ 13. A slioiMightcd person cmmoi sec dearly beyond 30 cm. from the eye. 
What kind ol lens must be used to enable him to sec distant objects, and 
what will be its focal length? 

14. A myopic patient can see print best at 12 cm. Find the focal length of 
a spectacle lens to extend his range to 30 cm. 

I*n In the praeticc of the optician the power of a lens of 1 metre focal length 
is said tt> he one diopter, that of a kns of 50 cm. focal length 2 diopteru, etc. 
The -f- sigti intiicates a converging, the sign a diverging lens. Give the 
rcstilts ol the three last examples in diopters with the appropriate sign, 

Id Explain why the sun looks red in a fog. How would the penetration of 
an arc lamp bo alfcctcd by enclosing it in red glass? 

It If a prism is made of crown glass whose refractive index is 1‘623, to 
what atigk must it be ground to give a tniniinum deviation of 25“? 

id Wfith the spectrometer method of Fig. HI the minimum deviation for 
imlium ligltt is 29 ’ 32' wiili a prism whose angle is 4<T 40'. Find the refractive 
index of the glass for sodium light. 

19. White light falls at right angles to one face of a prism whose vertex is 
25 ■, For the eitil rays of the spectrum the glass of wiuch it is made ks refwcttve 
indices l-tu and ldl3. Wkt is the angle of divergence between the visible 
limits of the spectfnot? 

^ 2tt. If the light of the sun is passed through a small hole on to a screen, an 
image of tlic sun is formed, but if the aperture is a Iwge one, an image of 
the Bpcriurc is formed. Make a diagram to explain this. In a pinhole camera 
tlte screen is placed 5 inches from the hole. If the camera is at a disttiacc of 
6tf feet from a tree;!(} feet high, and is on the same level as a point half-vray up 
the tree, wkt will !tc the height of the image? 

21. Find the number of candles which at a distance of 420 cm. will give 
the mnm illumination as one candle of the same make placed at a ditance 
of tit) cm. 

22. If two eketfk* glow lamps of 39 and lO candle power are placed 120 cm. 

apart at the .same heiglit, at wkt points on tlie line through their centres do they 
give the me illumimuon? ' 

23. By meant of the gfcise-tiwi photometer (p. 172) the intensities of two 
glow-lampi are compared, live outline of the grease spot disappears when 
the photometer is 83 cm. from one lamp and 53 cm. from the otte, On iflter- 
chttglni the temps, and adjiatiag the photometer dll the grease spot disappears, ■ 
the disiinces are now 50 cm. and It cm. Find the ratio of the intenaidcs of the ' 
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24. The illumination produced by the light of the full mcHtii falling 
pendiculorly on a screen is tlie same us tluit of a standard candle at a distance 
of 4 feet. What is the candle power of the moon, its distance I'rom the earth 
being 240,000 miles? 


THINGS TO MKMORKH 

1. Law of Reliection. Angle of inddence ■ - Angle oi'rdleciion, 

2. Snell’s Law of Refraction. Sin i • ' R sin r 


2, Spherical Mirrors. - H' --" ' - 

V u j r 

Linear magnification ^ ~ 


4. Lenses. Magnification 

V f ■ Jt 


CHAPTHR IV 


CHILDREN OF THE SUN 
The Decline (jf Mere Lo}^ic 

'rtJE^yeat lots was notable it) the history of human knowledge for the 
publlcaiioriot the Ik Ikvolufmilnts by Coperniciitj and the DcFcihrka Humni 
CiTTpam by Vesstlius. Ojtc murks the Itcginning of a new epoch in man’s 
undcfstandltig of inanimate iiimire, the other marks the beginning of a new 
ciioch in man’s understanding of his own nature. There were abundant reasons 
why the opening yem! of ilie sixteenth century of our own era should have 
been signilr/cd by a great advance in the study of the heavens. In the three- 
quartw of a ceninry which preceded the work of Copernicus, navigation 
fwd rapidly attained ;i level far above any of the adiievetnems of antiquity. 
Mcckniad d«h were hecoming available for astronomical observatories. 
Printing made ptissihlc the distribution of new infbrmatioti and old .sources. 
In this situation a more exact knowledge of tlie position of the planets had 
an immediate practical importance whidi has been explained in Chapter 11 
{p. M), Although mechanical jnj;cmiity had solved the problem of making 
sitndixd (e.g, Groenwidt) time portable in countries where sunlight is 
scarce, the dock wa.s as yet--and was to remain for a long time to come— 
incapable of reconiitig startdard time over a long voyage. So maisurcment 
of longitude was Mill contingent on more precarious sources of information, 
ai, for imrauce, the iKcultation ol'a platrei. by the moon’s disc, symbolically 
represented by the Tmkidt milional emblem. 

The view which put the stm at the citmt ttf the solar !iy.stem was not 
new. It tad been umicipared l^y AuMatvituv'perhaps likewise by the 
Pyttagorcin brotherlioods w irntury iMili* r. It had been rejected by Hippar¬ 
chus because there \v;w no direct cudem c iitr the annual parallax of a fixed 
sitf or for the carihR diuinul rtitaiimi, ‘Phe parallax of a fixed star was not 
detected till three hundred years a.j’nr dm death of Gopcrnicus, and the 
retanlation of the ircniluhmi at hiw latitudes (sec p. dbs), the first terrestrial 
cxperkacc pointing ttj th.e carth’.s axial rutatinn, was not recorded till fifty 
years idte Kepler'.s snccc'i'- tul cxpo.adusi ui' the hdiucentric doctrine, In this 
ctaptcr and the next um; we- .shall see wi;y the OspcM'nicau view was bound 
to engage s sympathetic hearing amnng those equipped to understand it, 
in spice of the absence uf jr-w evi.ieuce m meet the seemingly decisive 
objeOBM whidt amid Mill Iv, urged agaitht it. 

Tta kwition tsf wheel'drivest fHtrtahlu clocks made the determination 
of kmgitutk at sea a technical {xisritfility which kg:m to lie recognized in the 
Mty yem that preceded the work of tioivruicus and k'ame a topic of absorb¬ 
ing inttaest in the lialf century which fttllowcd its publication. Before tlie 
CKKto ctaoimmctef tame into use the two most simple methods were the 
obtemtiftB of eciipsts suid ocaihatiuns of the planets by the moon’s disc, 
Ailtk fifoo ooculutions, when tta dedinaiion as well as the R.A, of the 
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moon and a planet are identical (within about a quarter of a degree}) the 
astrological lore of tlie medieval world attached considerable importance to 
the times when tlie R.A. of a planet is the stune as that of the mewn or aim 
(conjunction) and when they differ by 180“ (oppositioii). 'I'lie times of 
conjunctions and oppositions were therefore recorded in all ephcmeridcs 
and in almanacs, before tables giving the daily variation of the moim’s R.A, 
at a given station were available for the method of lunar distances. 

Amerigo Vespucci (Fig. 110) is said to have found his longitude when 
his ship was in latitude 10° N. from the following observations. At T.dO p,rn, 
by local time, i.e. 7| hours after local noon, the moon was 1” F. of Mm, 
At midnight (local time) it had travelled to bf E. of Mars, 'riuis the mwn 
had moved through 4r in the same number of hours. So it would have Imm 
in conjunction with Mars at approximately (i,!10 p.m. local time. (In tiie 
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Fig, llO.—How Amebigo Vespucci Found Flis Iongitudb dy a CoNjUNUutN 
OP Till! Moon and Ma!» 


When the R.A. of the moon is the same as that of a planet they are laid to he iriroo- 
junction, If their dedinadon is also the same, the planet will be (wculied by the immi'i 
disc. If the declination dilfers by a small angle it is still po,s8ibte to gauge when ihe 
R,A. of the two is the same by the naked eye. Tlie exact moment of the conjunciioii 
can be _dctennmcd by successive observations of their local co-ordinatot (nximuth 
and zenitli distance), From these the R,A. can be calculated by the sphcrlot! uiangk 
formula given on page IOC, 


same date his almanac prepared fay Regiomontanus rectirded a midnighi 
conjunction of Mars at Nuremberg. vSo when the time at Nuremberg ws 
12 p.m. it was 6.30 p.m. at the ship's position. Itocal time was r»| hours 
behind Nuremberg, Hence, he calculated that tlie ship was 51 x 16'* * h2f 
west of Nuremberg. In addition to this example, Marguct {Hkoin di k 
Longitude de k Mar, etc.) cites others. Columbus sought a port to observe the 
time of opposition of Jupiter and the moon in the 1493 voyage, in Fcbratry 
and April of 1620 Andres de San Martin, the “best trained pilot” of 
Magellan’s apedition, observed conjunctions of planets "amjfdfflg » 
the instmetions of Faleiro who had composed a imim on Mgittdei for 
the special use of this expeditions^ 

The words in italics show that mapping out the track of the pla«ts wm 
no longer a merely academic issue. It was a substantial problem of techoolt^ 
in the age of the great navigations. So the announcement of the teioc of 
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Copernicus iulfdlcd an immediate .social need. Not less important is the 
fact that the invention of .spectacles proved to be the midwife of an instru¬ 
ment wliich w'eakgned the inherent plausibility of the opposing view. The 
telescope revealed the planets as bodies with phases like the moon (Fig, 111), 
shining with reliected light like ourselves, enjoying night and day as we do, 
and having nuKins revolving round them like our own. Observations on the 
sun’s spots showed that the sun rotates about its own axis. So there is 
nothing outrageous in supposing that wc may do the same. 



Hitherto very little hts been slid about the motion of the planets. The 
itajimt of the hcavealy bodies given in. the first two chaptew was mainly 
coaeemed with the ipptrcnt motion of the sun and the feed «tan. While 
observing the sacs, wMch seem to ffla.intiia the same .relafivc.positioM in 
the 'utuform lO'tttkm of the hetvaiy sphere,.the priestly asttonomers, of 
Egypt and Sumefii, and, It may be, added, those of the rakndir dviiizationi 
rf Oatai Amerka, m»|aized ofimr bodia which do not have a feed 
^posifion in the edcsdiil sphere, nor retreat steadily,among the feed stars in 
m dfetioa like the stat aid moon. Five of these bodies,.Mcrairy, 
Venus, Mars, |u|nw, std. Saturn, wer^ to the tndents. The extreme 
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brniiancy of two of them-Jupiter and Venus-sufficiently explains the 
attention which their vagaries attracted. Three of them might be seen at 
some periods on the meridian in the course of the nig|jt. At such times 
nightly comparison showed that they seemed to be retreating slowly in the 
direction bpposite to the sun’s annual or the moon’s monthly motion. The 
other two, namely Mercury and Venus, are never seen throughout tire whole 
of any night. Each may be seen alternately as an evening star setting within 
three hours after simset or as a morning star rising shortly before daybreak. 
The brightness of Venus makes it conspicuous in the twilight almost as soon 
as the sun sets and long before the brightest fixed stars are visible. 

Owing to the brightness of the planets it is easy to recognize-~in 
fact, difficult to avoid noticing—that their position among the fixed stars 
changes. During one month a planet may be east of a particular star, and may 
rise or set farther south. Next month it may be seen v?est of the same star, rismg 
or setting perhaps farther north. Thus the R.A. and declination of a planet 
can be seen to change without recourse to measurement. The same ^es 
of rising and setting or of the meridian transit of any fixed star recur after a 
year. So the history of any fiited star in the course of one year is the same 
as its history in; the preceding or succeeding yeai'. This is not true of the 
planets. For instance, if you had watched for Venus month by month durmg 
1934 and 1936 with the nalted eye, you could have recorded its history as 
Mows. In January 1934 Venus was a brilliant objert setting in the eariy 

evening slty. At the beginning of February it was invisible. By the beginmg 

of March it was a morning star rising within an hour before sumse. In May 
it was still a morning star rising just before daybreak, and might be )ust visible 
before daybreak in June, July, August, and September. In October md 
November it was not visible. At the end of December it was visible just after 
sunset, as also in January 1936. In February 1935 it was a bright star m the 
evening sky for about two hours after sunset, remaining a conspicuom 
evening star till August, and in September again invisible_(see also Fig. 63). 
The history of Mars during the same period was briefly (Fig. 112) as follows: 
in January and February 1934 Mars might be just visible for a short wbi e 
after sunset. During March, April, May, and June, it would be hardly visible 
at any time. In July it would be visible before sunrise in the early hours, 
rising soon after midnight from August to December, but never on ffie 
meridian before the morning twilight. In January 1936 it rose before mid¬ 
night and CTOSsed the meridian before mormng twilight. By April it was 
rising before sunset, crossing the meridian about midnight. By the end of 
June it was setting just before midnight, and had passed the inddian at 
sunset. It remained an evening star, being still just visible in twilight after 

sunset from September to December. ^ _ - 

Each planet has its own cycle or synodic period in which it gets back to 
the same position relative to the earth and the sun. That of Venus w 684 
days. If you look up Whitaker’s Almanack fox Wi and 1936 you will nee 
that on March 12, 1934, the R.A. of Venus, then at greatest brilliance, was 
2 hours 37 minutes behind the sun, and it was then a morning star. Its R.A. 
was 2 hours 30 minutes behind the sun on October 13, 1936, 2 horns 38 
minutes on October 18th, and 2 hours 43 minutes on October 23rd. So it had 
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returned to its original position with reference to the earth and sun (see 
Fig. 63) on October 17th, 584 days later. The interest which was excited 
by the cycles of the planets in the priestly cultures of antiquity is iUusliated 
by tlie following cation from a recent account of the calendar of the extinct 
Maya civUixation of Central America. The Maya calendar contained five 
diflferent long cycles, a year of 366 days, a year of 360 days, a period of 
260 days, a lunar year based on the lunar month, and the Venus cycle. 
According to the source cited :* 


mv 



SII 


Fig. 112,—Ties Track of Maks in 1934-36 

The planet Venus was the object of an important cult. The revolution of 
Venus occupies a litde less than 684 days; five of these Venus years equalled 
eight mean solar years (584 x 6 = 2,920, 366 X 8 = 2,920). The Mayas, 
however, were well aware that the Venus year was actually less than 684 days. 
They knew its length to the second decimal point. The actual period is 583 *92 
days, and to correct this error the Mayas dropped four days at the end of every 
sixty-one Venus years, and at the end of every three hundred Venus years eight 
days were dropped. This system was so accurate that had tlie Maya Venus calen¬ 
dar continued to function uninterruptedly up to the present day, the error over 
this period of over a thousand years would not have amounted to more than 

!» Field Museum of Natural History, leaflet No. 26, pp. 67-8. 
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a day,; Such an accurate Itnowledge of the cycle of Venus, the revolutions 
of which are by no means, regular, points to centuries of sustained observations. 
Up to the present, no deity in the Maya pantheon has been satisfactorily identi¬ 
fied with Venus. In Meidco, however, Quetzalcoatl tvas closely associated with 
Venus as the Morning Star. In addition to Venus, the planets Mars, Mercury, 
andSaturn,wereclosely observed, and their phases accurately calculated. When 
one recollects that tlie Mayas were dependent solely on the nalted eye for 
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Fig. 113 

The inferior planets, Mercury and Venus, have always passed the meridian when they 
become visible or have not yet reached it when they cease to be visible. Since it is 
customary to represent east on the right-hand side of a map, and also because the 
horizon plane rotates eastwards to meet the sun, the figure is drawn so that the South 
Pole is nearest an extra-terrestrial observer. Venus is at maximum elongation west of 
the sun as a morning star, and east of the sun as an evening star. 

their observations, one is astounded at the grasp they had on the movements of 
the heavenly bodies. In various cities regular lines of sight existed for the 
observation of the equinoxes, solstices, and other important points of the 
tropical year, notably at Uaxactun, Copan, and Chichen Itza. 

The precise positions of the inferior planets Mercury and Venus, which 
are only visible as morning or evening stars, cannot be gauged by the methods 
which we have mentioned in Chapter 11. Since they never cross the observer’s 
meridian by night (Fig. 113), we cannot find the R.A. or declination of either 
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of them by recording the time and zenith distance at meridian transit. To 
trace out the motions of the planets we have to know how to calculate the 
right ascension or declination of a heavenly body from observations upon its 
position when it is'not on the meridian. Even for mapping daily the entire 
course of the moon’s monthly cycle, the methods which we have used so 
far are not wholly sufficient, because on several days the moon will not be 
visible at its time of transit. It is not necessary to watch for the time of transit 
of a celestial body to determine its co-ordinates in the celestial sphere (R.A. 
and declination). With the help of spherical trigonometry we can find the 
R.A. and declination of a heavenly body, if we know the local time and the 
local co-ordinates (azimuth, altitude, or zenith distance) and latitude, Con- 



The horizon bearing or altitude is 90° - z.d. The zenith distance z.d. is measured by 
the arc TZ or the flat angle ZOT in the azimuth plane. The meridian bearing or 
azimuth is the arc NQ which in degrees is the flat angle NOQ or the angle between 
the meridian plane NZS and the azimuth plane ZOQ. 

versely, the navigator need not wait for a heavenly body to cross the meridian 
; to find his latitude provided that he has a star map, or an almanac giving 
tables of the declination of the stars. 

The local co-ordinates of a star when it is not on the meridian have already 
been defined on page 48, and will be understood with the help of Figs. 114 

■ and 116. In Chapter II we have seen how to represent the position of a star 

i in the heavenly sphere by small circles of decimation parallel to the celestial 

* equator and great circles of R.A. intersecting at the celestial poles. Such a 

■ map is true for all places, and relevant to any time of the year. At any fixed 

ii moment at a particular place we can represent the position of a star by small 

: « circles of altitude parallel to the circular edges of the horizon and great circles 

of azimuth intersecting at the zenith (Fig. 114). The altitude circles are num¬ 
bered by their angular elevation above the horizon plane, just as declination 
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it beneficial to work through it, when you have done so, if you wish to 
understand the final section of tliis chapter on the dating of ancient 
monuments. , 

THE SPHERiai STAR TRIANGLE 

In the time of Copernicus and Kepler it was not possible to make clocks 
sufficiently reliable for the construction of an equatorial instrument, and 


Zeniih 



Fig. HT.—Apparent Rotation of the Celestial Sphere 


The position of a star (T) in the celestial sphere may be represented by a point where 
a sm all circle of declination which measures its elevation above the celestial equator 
intersects a great circle of Right Ascension. All stars on the same declination circle 
must cross &e meridian at the same angular divergence from the zenith and are 
above the observer’s horizon for the same length of time in each twenty-four hours. 
The arc FT or fiat angle POT measures the angular divergence of the star from the 
pole (polar distance) and hence is 90° - Declin. All stars on the same great circle of 
R,A, aoss the meridian at the same instant. The angle between two R.A. circles 
measures the difference between their times of transit.^ The angle h measured from 
the meridian westward between the plane of the meridian and the R,A. circle of the 
star is lie angle through which it has rotated since it last crossed the meridian. If 
the angle is 16° it crossed the meridian one hour ago. So h is called the hour angle 
of the star. If the hour angle is h degrees, the star made its transit h’rU hours pre¬ 
viously. The hour angle is usually expressed in time units. 

the determination of Declination or R.A. from measurements off the meridian 
could only be accomplished by a more devious method which calls for some 
knowledge of spherical trigonometry. This will now be explained. Figures 
traced out on the surface of a sphere are called spherical figures. Thus two 
parallels of latitude and two meridians of longitude enclose a spherical 
quadrilateral. The peculiarity of such figures is that aU their dimensions are 
measured in fractions of the circumference of a circle, i.e. in degrees i If three 
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Fig. IIS.—INTERSECTING Flat Planes on which Three Great CiaaEs 
OF A Sphere Lie 


This shows a globe in which three flat planes have been sliced through two meridians 
of longitude (along PA and PB), and through the equator (AB). Each of these planes 
cuts the surface of the terrestrial sphere in a complete circle, the centre of which is 
the centre of the sphere, Where they intersect on the surface they make the comers 
of a three-sided figure of which the sides are all arcs of great circles> i.e. circles with the 
same centre and the same radius as the sphere itself. Such a figure is called a spherical 
triangle. It has three sides, PA, PB, and AB, which we shall call b (opposite B), a 
(opposite A), and p, It has also three angles B, A, and P (PBA, PAB, andTAPB). What 
you already know about a map will tell you how these angles are measured The 
angle APB is simply the difference of longitude between the two points A and B 
marked on the equator, and it is measured by the inclination of the two planes which 
cut from pole to pole along the axis of the globe. You will notice tiierefore that, since 
the earth’s axis is at right angles to the equator plane, the plane of AB is at right angles 
to the plane of PA and of PBj and since we measure angles where two great drcles 
traced on a sphere cut one another by the angle between the planes on which the 
great circles themselves lie, the spherical angle PAB is a right angle, and so is PBA, 
Thus the three angles of the spherical triangle are together greater than two right 
angles, an important difference between spherical triangles and Euclid’s triangles, 
In practice, of course, it is a lot of trouble to drawn figure like this. So we measure 
the angles in one of three other ways which only involve flat geometry, which we have 
already learnt. These are: 

(a) The geometry method: The angle BPA between the spherical sides PB and PA 
is the same as the flat angle RP^ betfiieen the tangents RP and QP which touch PB 
and PA at their common point, I.e. the “pole” P of the equatorial circle. 

(i) The geography method: Remembering that BPA is simply the number of 
degrees of lon^tudc between A and B, you will see that it is simply lAe number of 
degrees in the arc cut off where the ^eat circles on which PB and PA lie intersect ar^ 
circle of latitude, i.e. any circle of whch the plane is at right angles to the Imjmmg the 
two poles where the great circles intersect cdiove and below, 

. ,(c) The astronomy method : This is illustrated in the next figure. 
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intersecting circles, i.e. cirdes of which the centres comdde wiA that 
of a sphere, are traced out on its surface, the figure bounded by three of 
their circular arcs is called a spherical triangle. Its th;ee sides (A, B, CJ 
are measured in degrees, analogous to degrees of latitode along a me™ 
of longitude. Its three angles (a, b, c) are measured like the angul^ differ¬ 
ence between meridians of longitude. The arc which measures the angle 
between them is the arc cut off by the two great arcles from the equator 
where the sphere meets the plane drawn midway at right angles to the axis 
through the points where the great drcles intersect. This is explained in 



Fig. 119 


The angle QES between the arcs QE and SE is the angle QOS between their inter- 

QOS-90--QOZ 
: POZ~90°-QOZ 


So tke atts^e between two spherical arcs is the angle between the poles of the great circles 
on which th^ lie. , 


Figs. 118 and 119. You will not find it difficult to visualize the meaning of 
a spherical triangle if you think about one of the most elementary problems 
of navigation, calculating the shortest course of a ship between two ports. 
The shortest course on the earth’s spherical surface is the flattest arc 
which can be traced between two places. The flattest arc is the arc of the 
drcle of largest radius, i.e. that of the sphere itself. Hence the shortest 
course is the arc of a great cirde. This forms one side (Fig. 122) of a spherical 
triangle ofwhich the other two arcs are two meridians of longitude—also great 
circles; The length of these two arcs (Fig. 122) is known if the latitude of each 
port isjknown, and the angle between them is the difference of longitude. So 
findingla ship’s course is finding the length of the third side of a spherical 
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Fig. 120 


With the aid of the key shown in the next figure the two fundamental fomulae for 
the solution of spherical triangles such as ABC in this one can be deduced ftom the 
formulae for solving flat triangles given in Figi 66, Chapter II, 

PQ‘-PO* + QO*~2PO.QOco8a 

PQ««PA‘ + QA“^2PA.QAco8A 

.*. (P0» - PA*) + (QO* - QA*) - 2P0. QO C08 « + 2PA. QA cos A 0 
2P0. QO cos fl = 2 AO* + 2PA. QA cos A 
Divide through by 2P0. QO, then 

AO AO , PA QA , 

'=°®'*^po‘qo + po‘Qo‘^°®^ 

= cos POA cos QOA-h sin POA sin QOA cos A 
= cos & cos C +sm 5 sin e cos A 

The formula for getting the third side (a), when you know the other two (b and c) 
and the included angle A, is, therefore: 

cos a cos i> cos e + sin & sin c cos A (i) 

- COS A sin ii sin c = cos i cos c - cos a 
cos* A sin* b sin* c 0 cos’ & cos* c - 2 cos a cos 6 cos c + cos* a 
Now make the substitution cos* A = 1 “ sin* A, etc. 

(1 - sin* A) sin* 6 sin* e =« (1 - sin* b) (1 - sin* c) 

- 2 cos a cos 6 cos c -I- (1 - sin* a) 
sin*isin*c ~ sin* A sin* & sm*.c =* I -'sin*6 -•sia*e 
, , +sin*tsm*,c--2cosacos&cosc +1--sin^ 

After tamg away sin’ b sin’ c from both sides this becomes 

~ sin’ A sin* b sin* c =s 2 sin* a — sin* 6 — sin* c — 2 cos a cos b cos e 
Just by looking at this you can see that the right-hand side would be the same if 
we had started with 

-'COS c sf cos a cos 6 + sin a sin 6 sin C 
in which case we ^should have found, 

-rsin“Csin^aain*&,=,2 -swi*a -sin*& -sin*e -2cosacos6cosc 
Hence we can put 

- sin* C ?inVfl sin* & - - sin* A sin* b sin’ c 
Dividing bv - sin* &;'we ^ 

■ &sin*a «sin* A sin’e 
'C.sfo'd* ± sin A sine 
. i sin A sine 

0?. (u) 
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triangle if we know two others and the angle included between them. Tliis 
can be done by using the first formula in Fig. 120. 

Flat trigonometry gives us rules for finding any of the other three dimen¬ 
sions (A B, Cj a, k c) of an ordinary triangle, if we know one side (a, b, or c) 
and any two of the remaining dimensions (two other sides, two angles or 
an angle and a side). There are analogous rules for the solution of spherical 
triangles. The fundamental rule is 

cos a == cos b cos c + sin & sin c cos A .... . (1) 

This is analogous to and derived from the flat triangle formula shown in 
Fig. 66: 

fl!! = cos A , 

Fig. 56 also shows a second formula for flat triangles: 

. . sin C . _ c sin A 
sinA=—— orsmC=—^ 

The corresponding formula for spherical triangles is 
. _ sine sin A 


With the aid of a paper model as directed in Figs. 120 and 121 you will 
be able to overcome the difficulties of envisaging figures drawn on a sphere, 
and to see how the formulas for solution of spherical triangles follow from 
those for flat mangles. To apply them correctly you will need to recall some of 
the more elementary formulae in flat trigonometry* and the convention that 
measured east of a line of reference are negative. You will probably 
find it helpful to practice the use of the first formula by examples like the 
one shown in Fig. 122. Most atlases give the length of the ship’s course 
between large ports, and you can therefore check your answer. The distances 
are usually given in sea miles (1' of the earth’s circumference, i.e.a great 
circle of the terrestrial globe is 360 X 60 sea miles). 

To find the R.A. of a star off the meridian it is first necessary to find its 
declination with the cosine formula (1). The local position of every star at 
any instant can be placed at the comer of a spherical triangle (Fig. 123) 
like the Bristol-Kingston triangle of Fig. 122. One side (6), like the polar 
distance of Kingston, is the arc between the celestial pole and the zenith 
along the prime meri^an. The elevation of the pole is the latimde (L) of the 
observer. So 6 = 90° L. One side (c), Hke the polar distance of Bristol, 
is the arc between the star and the zenith on its own great circle of azimuth. 
This arc is its zenith distance (c= z.d.). The angle A between its azimuth 
circle and the prime meridian which cuts it at the zenith is its azimuth 
(A = azim.). Between the ends of these two arcs passes the great circle of 

* sin A = cos (90° - A), cos A = sin (90® - A) 
sin A 5=-sin (“A) = sin (180°-A) 
cos A = cos (-A) =-cos (180°-A) 
cos (180° ±A) =-cos A; sin (180° ±A) = Tsin A 
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right ascension which joins the star to the celestial pole, and the length of the 
arc between the star and the pole on its R.A. circle is its polar distance. Since 
the celestial pole is 90" from the celestial equator, the star’s polar distance, 



Ficj. 122 

The latitude of Bristol is ef 2()''N. of the eemator, and therefore 38*3^1' tow the 
pole, along the great circle of longitude 2® 38'w. The latitude of KinMoo is 18* S', 
i.e. It is 71® 66' from the pole along the great circle of longitude 76" ffi' W. The arc 
joining the pole to Bristol (4 the arc joining the pole to Kingston (&), and the arc (a) 
of the great circle representing the course from Bristol to Kragston forffl a ipheriatl 
triangle, of which we know two sides (b and 4 and the induoed angle A, which is 
the difference of longitude 76° 68' - 2* 36'«»74° 23' between the two piacp. 1» 
we can find fl from the foimula (i) in Fig, 120 by putting 

cos a « cos 71° 66' cos 38° 34' + sin 71“ 66' sin 38* 34' COS 74* 23' 

From the tables: 

cosa « 0«3104 x 0*7819 + 0*0600 X 0*0234 X 0*2692 
- 0*4022 

Thus a is approximately 66i“ of a great circle, i.e. a dtelc of the etnh's ecwpkti 
circumference. The length of one degree of the earth’s cteumteace k ipproxiaMMly 
89 miles, So toe distance is approximately 

60| X 60« 4,677 W mhes (3,980 sea rade#^ 

which is the third side of our spherical triangle, Is the difrasace htttca 
right angle and its dedination (a « 90® — declin,). Applying tk toattli 
wehave 

cos (iK)“ declm.) = cos (90® *“ lat) cos z.d, 

+ sin (90® - lat.) sin lA cm «6a. 
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'i'his may be written 

sin dedin. ■ ■■ sin lat. cos z.d. • t- cos lat. sin z.d. cos azim. 

In applying this you have to remember that we have reckoned azimuth 
westward from the north point, l‘he azimuth is reckoned positive west and 
negative cast of the north point. If the star transits south of the zenith, rite 
azimuth ± A reckoned west or east of the south point is equivalent to 180® *1* A 
from the north point. Since cos (180® -j- A) ™ “• cos A, cos (azim.) is always 


Zmith 

A 



of rite t^posiie sign, if rtekond from the south pint, and the taula 
becomes; 

sin dwilin. ^ sin lat. cos z.d, -* cos lat, sin z.d. cos arim,* 

This means that if you know the azimuth and zenith distance of a heavenly 
body It one and the same time, you can calculate its declination without 
waiting for it to reach the meridian. You cannot get the latitude of the place 
from in obsemtioa on a star of known dedination directly by using the same 
fcimulai but if you have the z.d. end azimuth of any two stars taken at one 

* When a etar k crossing ihc mcrldkn its ttlmuth is aero or 180" and since cos 
0 w I and cos ISO* ~ I, sin dcclin,«sin kt. cos z.d. ± cos lat. sin z.(l, 

Sfetoe sin (A to B)«« tin A cos B tfe era A sin B 

tin dcclin, **■< sin (lat, ± z.d,) 

Thk k toe formula given In Fig, 41 when no sign k attached to tocYi. 
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and the same place, you can calculate its latitude provided you have an 
almanac or star map to give the declination of the stars, In general the 
arithmetic takes less time than wailing about for one bright and easily 
recognized star to cross the meridian. 

Another application of the formula just derived gives the direction of a 
heavenly body when rising or setting at a known latitude, or conversely 
the latitude from the rising or setting of a star. At the instant when a heavenly 
body is rising or setting its zenith distance is 90®. Since m 90® * 0 and 
sin 90®»1, the formula then becomes 

sin decHn, ss <xis lat. cos azim. 

On the equinoxes when the sun’s decimation is 0®, 

cos lat. cos azim. = 0 
cos azim. »0 
azim. 5 = d; 90® 

That is to say, the sun rises due east and sets due west in all parts of the world 
that day. To find tlie direction of the rising or setting sun at latitude fil|® N. 
(London) on June 21st, when tlic sim’s declination is 23|® N., we have only 
to put 

sin SSf «cos 61|® cos azim, 

From the tables, therefore; 

0-3987 «0« cos azim 
cos azim.« 0-6405 
azim, M d: 50|" 

Thus the sun rises and sets 60J° from the meridian on the north side, or 
90° - 60J® «= 39f north of the east or west point. Conversely, of course, you 
can use the observed direction of rising and setting to get your latitude, 

If you look at the star triangle shown in Fig, 123, you will see that the 
angle C between the arc which represents the star’s polar distance and the 
arc h, which is the angle (90° — lat.) between the observer and the earth’s pole, 
is the angle through which the star has rotated since it was list on die mcridkn. 
Since the celestial sphere appears to rotate through 360® in M hours, to 15* 
an hour, this angle C is sometimes called the hour ingle of the star, because 
you can get the time (in hours) which has elapsed since the star made Its 
transit by dividing the number of degrees by 15. If you know when tk 
star crossed the meridian by local time, you also know how long has 
elapsed since the sun crossed the meridian beause time ii rodkoned tint 
way, and if you know the sun’s R.A. on the same day, you know how ten| 
has elapsed since ‘p crossed the meridian. Thus aH you hive » do to pt 
the star’s R.A. is to add the sun’s R.A . to the star’s time of transit 
So to get the star’s R.A, from its altitude and azimutb it ijf observed 
time, we need to determine one of the other angles of a spherical »riwte of 
which we already know two sides and the angle between them. HmSm 
by the second formula which tdls us that; 
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sin C 


sin A sin c 
sin a 


In our original triangle ot I-lg. 123, A is the azimuth, c is the zenith distance, 

and a the polar distance (90“.- declin.) of tlic star, i.c. sin a :-a cos dcclin, 

Hence 


sin hour angle; 


sin azim. sin z.d. 
cos declin. 


As stated already, the azimuth is reckoned positive west and negative mt 

of the north point. Since sin (.A) -- sin A, the sine of the azimuth is 

negative if the star has not yet readied die meridian. If it transits south of 
the zenith its azimuth A cast of the south point is equivalent to (180° + A) 
measured west of the noith_ point. Since sin (180® f A) -- sin A, the sine 
of the azimuth is also negui ivc If measured cast of the south point. 

Suppose that the star Betelgeuse in Orion is found to have the hour angle 
10® when it is west of the meridi.m at 8.40 p.m. local time. It crossed the 
mcridmn || hour:; 40 minutes Iwforc, i.c. at exactly eight o’clock, and its 
R.A. is greater than that of the sun by 8 liours. If the sun’s R.A. on that day 
wero 21 hours fiO minutes, the sun would transit 2 hours 10 minutes before T, 
i,c. 'T would transit at 2.10 p.m., arid Betelgeuse 8 hours 0 mimit« -“2 hours 
10 minutes 6 hours r>0 minutes after f. So its R.A. would be 6 hours 
50 minutes. 

The same formula also tells you how to calculate the time of rising and 
setting of stats in any particular latitude. At rising or aetting the z.d, of a 
heavenly body is UO ', and sin iKf »1, ,So the fonnuk becomes 

, . , sina/jrn, 

m\ hour angle ■ ■, -;r- 
c(js dedm. 


Tk azimuth of a rising or setting star can be found from the formula already 
given, i.e. 


cos azim, 


sin declin. 
cos lat. 


A# M example we may take the time ul' .sunrise on the winter solstice k 
Imadon (Ijt, rtl|'T By the last formula the azimuth of the rising and setting 
sun is f)0|* from the soutii point on the winter solstice. .So at sunset 


sin hour angle 


sinf^if 

(1-9171 


O-TO 


For simnsc the azimuth will be cast, therefore of mnative sign, and the 
result Is —0-8373. Since 9*8373 is the sine of ki® 51', the time which elapses 
between setting or rising and meridian transit (i.c, noon, since it is the sun 
with wc are dcatkg) is (iHlI -j-15) hours, ie. 3 hours 47 miiiuiei. 'ITms 
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sunrise would occur at 8.13 a.m., and sunset at 3.47 p.m. Daylight lasts 
roughly 7| hours, This calculation differs by about (1 minutes from the value 
given in Whitaker. This is partly due to approximations made in the antlh 
metic, and partly due to other things about which you” need not worry, 
because you will not find it diffiMt to put in the refinements when you 
nti(1mtfmd the basic principles* 

The same formula would apply to calculating the times of sunset or sunrise 
on June 21st, when the lengths of day and night are reversed. Since sm C 
” sin (180° C), 0*8373 may be either sin 66° 61' or sin (180° - 66 61}, 
i.e. sin (123° 9'). Fig. 124 shows you at once which value to take. An equa¬ 
torial star rising due east passes through 90° in reaching the meridian. A star 
south of the equator passes through a smaller and a star north of the equator 
through a larger arc. So if the declmtim of a heavenly hdy is north (Be the 
m on June 21st), w take the solution as sin (ISO®— C), and if south as sin C. 
Thus the hour angle of sunrise and sunset on June Blst would be (i23| v 16) 
hours = 8 hours 13 minutes, i.e. sunrise would be at 3.47 a.m. and sunset 
at 8.13 p.m. solar time.* 

The following data, determined by a home-made instrument lOce the one 
shown in Fig. 116) illustrate how you can find the position of any 8t« on 
the star map or mi your own star map from observations off the meridian. 
At 9.6 p.m, (G.M.T.) near Exeter (lit, 61° N, Long, W.) the bright 
star Procyon in Canis Minor was seen on February 10th at 49° klow the 
zenith and 28f east of the south point. The star transits aoutli of tlic zenith, 
so we use the difference formula. From tables of sines and cosines we get 

sin decHn. ™ sin 61° cos 49° cos 61° sin 49° cos 28|* 

« 0*7771 X 0*6661 ~ 0*6293 X 0*76*17 X 0-878.8 
= 0*0926 
declination s=! 6* 18' 


Since the star is east of the meridian its hour angle is negative, and 


sin (hour angle) 


(5° 18'j" 

0*7547 X 0*4772 

irtwMi ** jwm •• ri*-. -nie 


Hour angle« — 21f 

In time units 21'|° is 1 hour 26 minutes, and smee the sign 
means that the star will transit 1 hour 25 minutes later. Or 
(39 days before March 2l8t) the sun’s R.A. is about 21 ho 
Under “equation of time” Whitaker states that we must add 
apparent (sundial) time to get mean time. Hence the time of 
(9 hours 6 minutes - 0 hours 14| minutes) = 8 hours 6()| 
wich sundial time. Since Exeter is 3f W., the Exeter time is 
by Greenwich (i.e. it is 11.47 a.m. at Exeter when it is noon 
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So the time of observation by the Exeter sundial was really (H hours nitt 
minutes - 0 hours 13 minutes) 8 hours 37| p.ra. The star then had still 
to rotate 1 hour 25 minutes before transit. So transit would occur at (8 hours 
38|' minutes-|-1 hour 25 minutes)'*" 10 hours 21 raiiaites i.e. O' 
hours 2| minutes after die sun’s transit. The sun on that day transits 21 hours 
36 minutes after 'Y’j and hence (24 hours 0 minutes - 21 hours 35 minutes) 
= 2 hours 26 minutes before % i.e. T trim,sits at 2.26 p.m, on that day. 
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Fig. 12a 

In Ptolemy’s system four cliwses of motion were recopized: 

(i) The diurnal rotation of tlie whole heavenly sphere from mt to mt. In tIUi 
motion the stars maintain a con,stant position relauve to one another, A heivenly Wy 
(moon, star, or plmet) west of the sun rises before simrise. A heavenly body «*t of 
the sun sets after spset. In the i30.sition here drawn, Venus and Maw are mm « 
“morning stars,” Mercury and Jupiter as “evening stars,” 

(ii) The daily increase of the moon and sun in R A. as tliey retreat from west w tsit, 

(iii) Two independent modonsof cacli planet, one the epicycjic orbit of tl» planet 
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ia one resfiect. Bach planet exhibits long periods in which its R, A. increases 
steadily like the R.A. of the sun or moon, alternating with shorter periods 
in which its R.A. dimini.shes at a slower rate, so that it appears to pause 
and double on its'wurse at regular intervals. The times when a superior 
planet* like Mars transits near midnight and is visible throughout the night 
correspond to the times when its apparent motion is retrograde, or in the 
opposite direction to the annual motion of the sun and the monthly motion 
of the moon among the lixcd stars. At the time when the motion of such a 



In the C«{>cmii»n »ysrcm wtly three cIiimcs of motion need Iw recognized: 

(a) the e«nh’« diunwl imtiion about it.t own axis from wm m mjI, (b) the rootm'i 
urbitsl motion from we#t to mt, (e) dm orbital motion of all pkneta (including the 
earth) from wcat'm east, In the |K;).siiwn» here shown Mars and Jupiter ire In opposi¬ 
tion, i.e. on the meridian at niidnight. Aiemiry is 8t its extreme etiicriy position 
(imxismm cloopuon) is in evening star. Vetius is at its extreme weitcrly psition 
(mwintum clonption)» a mortiiug sur, Neiilier of titem am ever be seen on the 
mBridian after mrit, 

pkaet k most rapidly direct it is invisible, That Is to say, it and sets 

about tk; same, time as the sun. Thus there is a very dose cormaaou ktween 

tbe appafimt movemtmtt of the plmeti and their position relative to the sun, 

as we see th®. TMi otMciioa was recognized by the Egyptians, who 
believed that the whole cdcstiit! sphere, induding the sun, rotated nround the 

Mith as the centre, and that tlie olanets rotated round the sun an the moon 
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rectly between the sun and the earth. This explained why Mercury and Venus 
can never be seen throughout the whole night, since tibey can never k akvc 
the side of the earth opposite to tliat which is illuminated by tlie siw’s rays. 
The theory which Hipparchus, and later Ptolemy, toofi. from AixiUomus 
was a decidedly backward step. Each planet (Pig. 126) moved around an 
imaginary centre in an orbit called its epicycle, P.ach imaginary centre was 
placed at the end of an imaginary or deferent spoke rotating round tlte earth 
itself. While accounting for the retrograde and direct motion of the planets, 
the theory of epicycles could recognize no significance in the aumexion 
between the different phases of a planet’s motion and its position relative to 
that of the sun, 

Its great defect was that it made the geometry of the heavens a good deal 
more complicated than the alternative view that the planets revolve around 
the sunj and the more accurate observations, which had been ac^ulatcd 
by the Arabian astronomers in the period which followed, made macasing 
demands upon mathematical ingenuity, as new cpic^dcs were added t(> 
accommodate the theory with the facts. Copernicus, as we have seen, kgan 
his work when the forecasting of planetary occuItatioM was^ becoming a 
matter of practical moment, and the possibilities of further improvcmfflt 
on the Ptolemaic system had been exhausted. There rammed the dtciwtivc 
of starting from fresh assumptions. Copernicus went back to the doctrine 
of Aristarchus and put the sun at the centre of the whole planetary system, 
including the earth as a planet (Fig, 126). Having no tdcscopic informaikm 
to reveal their different sizes as seen at different phases, he stuck to the 
idealistic belief that each planet moves in the most perfect plane figure, the 
ckcle. This assumption is so nearly true of Venus and Mars that it does 
not involve very serious inaccuracies, and makes it easier to understand 
how the position of a planet is calculated, So we may here suppose that the 
orbits of Venus and Mars are drdcs. 

THE HWOTHESIS OF COPERNICUS 

The hypothesis which Copernicus adopted may be summarized under four 
headings: 

(1) The apparent diurnal rotation of the celestial sphere is d« to the 

complete rotation of the earth about its polar am in i period of 
24 hours. 

(2) The moon revolves around the earth in a period of 27| days. 

(3) The earth and the planets revolve in dxralar orbits about the sun in 

the same direction as the earth’s diurnal motion, 

(4) The orbits of Mercury and Venus He bctw«n the sun md thit of the 

earth, while the orbits of Mars, Jupiter, and Situm, He beyoid the 
earth’s orbit. 

The tracks of the planets lie dose to the ediptic. So It is belter lodkttiite 
their positions in celestial longitude and latitude (sec p, 22ff)» Ck>pmicus 
did. For the purposc of grasping the prindples employed in tradai m thdr 
orbits it will be suffident for our purpose if we use right Mcastei to menuic 
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their angular displacements. This is equivalent to projecting their movements 
on to the plane of the celestial equator. 

The first thing to notice (Fig. 127) is tiiat it does not make any difference 
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Mm ti» eitttii laU tan sit very dwe relative to the distance of the fixed stow (i.e, 
the of a sof is very simll) the direction of the stars may be measured 

dkte tel tk estth ns centre (Ptolemaic) or the sun as centre (Cktpcmican) without 
omHo fl inyh dmataaeie. 

to tim mentawMb df lie M, whether we put the earth or the sun 
«t ti» wtte tf'tle tw i»p. To calotiitc the .position of i planet according 
to tin Ccpaailan hypotlwls we'need to know two things, (a) its disttnee 
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360 , , 360 

■the sun through ^ degrees per day, Suppose Venus moves tlirough ^ 

degrees per day. This means that Venus takes V days to,go round the sun. 

It therefore gains degrees per day. Wc have seen (jp. 183) that 

tlie Venus cycle, i.e, its synodic period or the time taken for the earth, the sun 
and Venus to regain the same relative positions, is 684 days. Thus Venus 
360 

gains 360“ in 684 days or degrees per day, so that 

^ 360 360 

684*^ V "‘366 
I J 1 13 

V'^684‘’l66'""'i2l) 

V = 226 days 

Thus the sidereal period of Venus is 226 days. In other words, Venus rotates 
360 

through degrees per day. You can now see whether the hypothesis is 

satisfactory by observing the R.A, of Venus on any particulaf day (Fig, 130) 
and calcidating what it will be at some later date, Scvcnty4vc dajii 
later Venus will have moved through 120“ and the earth through 74". 
According to Whiiaker on September 23, 1934, when the sun’s R.A. is 
180 (in degrees), the R.A. of Venus was 11 hours 8 minutes or 167®, i.e. 
Venus was 13® west of the sun and just about at the end of its period 
as a morning star. Seventy-five days later, December 7th, Venus would 

have revolved through ^ x 360°« 120 ° and the earth would have 

75 2^6 

revolved through K 360° - 74°: i.e. the sun’s R.A. has Increased by 

74°, and is now 264°. If you now draw Venus and the earth in their new 
positions on your scale map, you wffl find that the R.A. of Venus is now a 
little greater than that of the sun, Venus is beginning to be an eveaiog smr. 
The angle between Venus, the earth and the sun (the dongadon of Vaius) 
is 6 °. According to Whitaker, the dififcrence between the R.A, of Venus and 
the sun on December 7th was 0 hours 19 minutes 37 seconds, or 6 °. 

The case of a superior planet like Mars can .be dealt with ha this way 
(Fig. 131). First find the length of the Mats qyde, i.e, wMdi 

elapses between two successive occasions when Mars, the sun, and the earth 
occupy the same relative positions.. This is easily done lotiflg when 
Mars is in opposition, i.e, when it Is on the meridian at fflldn|ht, and count¬ 
ing the number of days which intervene befom its nc« mldnlghit Tr»>t4dfafi 
transit. If you refer to Whitaker, you wl see that Mars was in tfpbsiiion 
(midnight meridian transit) on March 1 , 1933, and it was n«sJ in cfpod&in 
on April 6,1936,708 days later, This makes the Mars gclc 706 dsp. Sc^ if P 
is the length of the sidereal period 


Children of the Sun 207 

1111 

The earth gets back to its original position (Ej) after 386 {: x 2»» 730|days, 
To the nearest day this is 34 days n/ter Mars completes a sidereal period of 
61)7 days. At the end of a sidereal period of Mars, the earth is therefore 
34° west of the position which it occupied at the beginning, If wc now 
find the R.A. of Mars, we know its elongation, the angle SEgB, as in Fig, 131, 


T 



Since die slderotl period of Vemit k M days, Venus goes through 120* to 75 dap, 
the totml between Septanber 2Srd «id Decmbef fth. On Sratember 23,1834, 
the R A, of Venus was U hours» minutes or If lew than that of the sun (12 hours 
« 18f). On Vth the R,A. of Venus .which has adwiccd through 120* of 

Iti orbit, will k fatBKf to be 4f in excess of the iitm{263|®). Thus its E,A. is 25f or 
17 hours limlnwei, 

Since Mars was in opposition when the earth was at Ej, it was then situated 
somewhere on the Urn: SEiA, After 697 days it is somewhere on the line 
E^, Accordng to the Copcmican view, it Is presumably in the same place 
tacc mote. So tt muat be at M where these two lines intersect. Hence 
we can now put the orbit of Mars on the scale map by drawing a circle of 
iidlos SM, The radius of its orbit is then found to be 1 *62 times that of the 
earth’s orbit 

The reasoning given above and the figure based on it (Fig. 131) need 
qualifying. Tk 8 yi>dk period is not absolutely mstint. The wewgfi length 
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of the Mars cycle is nearly 780 days, and the sidereal period is therefore 0H7 
days. Hypothesis and observation can be tested in the same way for Mars 
and Venus. The only thing which remains to be explained is the retrograde 
movement which the planets show. As stated, the R,A. 6‘f a superior planet 
like Mars diminishes daily when it is visible during the greater part of the’ 
night, i.e. about the time when it is in opposition. Fig. 182 shows you how 



About March 1, 1933, Mars is to opposition, the sun being roughly 20* fra 
Fbt Point of Aries. So it lies somewhere on the line SB,A. By January 2T 
Mars has returned to tlie same position in its orbit. The sun’s RA. is now abi 
west of T and the R.A. of Mars is 13 hours 18 minutes, l.e. it is 18* to li 
now lies somewhere on the line E,B. The radius of the circle drawn tlirot 
where EjB and EjB cut is 1*62 thnes SE, or SE« the radius of die earth’s 
Hence Mars is one and a half times as far away ftom the sun as die earth is. 

this happens. The sidereal period of Mars itself is a little less than 
that of the earth (687 : 366). For simplicity, consider aa imu^jjary pk 
which revolves like Mars in an orbit 1| times the vddth of the awfa’i 
taking exactly twice as long as the earth to make a comptete rerol 
So, if the earth goes through 40V the toa^ary pket goes tkou^ i 
the same time. On the left, the earth is shown in two uosillma m the I 







inTt 


nitlMW 


u, the K.A. of th( 

its course, On the right) the pianct is 
seen after sunset at M« and is totally obscured by the sun when it 
on through 20” to Ai;,. Meanwhile the earth moves from £„ to through . 
At M« the planet is in Pisces, at M* in Aries, and its R,A. is therefore i«* 


More dealing with the imperfections of the Copemican hypotltcsis one 
rault may be pointed out, Early estimate of the sun’s distance like that of 
Hipparchus were very inaccurate. Owing to its great distanc'c the sun’s 
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distance between the earth and the sun. A minor planet Eros discovered in 
the latter half of the nineteenth century comes within a distance equivalent 
to a sixth of the radius of the earth’s orbit. By determination of the parallaxes 
of near planets like Eros, Venus, and Mars, we know the'sun’s parallax with 
great accuracy and the average distance deduced is about 93 million mila. 
This estimate agrees very closely with two other estimates based on the 
optical phenomena of aberration and line spectra (sec Cliaptcr VI). A fairly 
close approximation to the diameter of the sun can be got without telocopic 
equipment. Since the moon’s disc just covers the sim in a total eclipse, the 
sun’s angular diameter is very nearly the same as that of the moon. 'Ihat is 



Fig, 133.—Scalb Diagram or the Orbits of the Four Imes Mjqm Fianw 

to say, it is roughly half a degree. So die sun’s diameter calculated in tk 
same way as the moon’s is between three-quarters of a million and one 
million miles. 

THE IMPEMFECXIONS OF THE COPERNICAN HtPOTHESIS 
Calculations based on the Copcmican assumpdon that the orbits of tk 
planets are circular do not yield conclusions which arc suffidendy tccuiatt. 
Detectable errors were recognised before the advent of the telescope ind sfi 
the refinements of measurement which followed it, An immense array of 
new data about the planet Mars collected by Tycho Brahe in tk latw half 
of the sixteenth century made it possible to andyse the movement of Mm 
more thoroughly than Copernicus or has predecessors had done. If, instead 
of determining the radius of the orbit by drawing a cirde through the point 
M where E^A and E^B mtcrsect in Fig. 131, we note the sucemive poddoos 
of the earth after several complete sidereal cycles beginning on different dates, 



Since the loop is of fixed lagth, die sum of the isttnees o aM of any point from 
tk tm fod is the same. Half the sum is d to the diagram, i.e, a + it»2/ 

The elpie k symractriail shout two unequal diracters. One, railed the ww oxiV, 
#t rijiht angles to tk line between the foci, joins the opposite points where a »it» d. 
If)«is bw the alnot ids Fig. (c) shows you that 

. . . . , , (i) 

The ether, railed the mcffm axis, is a cominuation of the line ioining the two foci. 

You will see ftra the diagmffi, in wWcli half the ma}or ads ii railed M, that 

M »• f + e and . M « J - e 

2M a 4“ i 2d 

M«d . . . . . , , , (ii) 

Wn raU dK rsk of c, the distance between the centre and the focus, to d, tlw distance 
aloai DMiiw mds Iran tlie centre to the boundary, the mmtridty of the ellipse, i.e. 

# ■«* j or c iHi 

"r---: w" .w d'- (ds)» 

-d*(l-«’) ......... (iii) 

Cotobtotof(ii)imdCi) #*• M*(I ”«*) 
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we can map out its entire course by the method illustrated in Fig. 135, which 
actually refers to tlie planet Mercury, An examination of all Tycho Brahe’s 
data led Kepler to the conclusion that Mars does not move in a circle with 
the sun as centre. The orbit is an ellipse with the sun at one focus. 

To understand Kepler’s laws we must be acquainted with some simple 
properties of the ellipse, An ellipse is the figure which can he drawn with i 
pencil, two pins and a piece of cotton as in Fig. 134. The position of the 
two pins represent tlie two “foci” of the ellipse. If the two fod of the ellipse 





Fig. 130 .—Tim Omr OF M^cukv 

are very close together it becomes undistbguishabic from a drde, The 
connexion between the circle and the ellipse is brought out moit precisely 
by the index known as eccentridty (e). The broadest diameter of an dlipie 
is called its major axis. The narrowest is called the minor axis. The two fbd 
lie on the major axis. If we measure along the major axis the discanoe of dtte 
focus from the boundary in both directions, the ratio of the difference 
the greater and smaller distance to the length of the major axis Is ailed the 
eccentridty of the effipse, If its eccentricity is 0, the two fod coindde and 
an ellipse becomes a true cirde. The geometry of the ellipse (Fip. 134 and 
136) shows that e can also be defined as: 
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ikf eccentricity of the orbit of Mercmy is 0*2, we mean 

\ major axisy 

i.e. &e minor axis and major axis are in the ratio 49:60. Since the cccen- 
tncity of the orbit of Mercury is more than twice that of any of the other 
major planets (except the newly discovered planet Pluto) it is clear that the 
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Copernican doctrine of circular orbits is not very wide of the mark. The 
eccentricities of the orbits of Venus and Mars are respectively 0-007 and 
0-093, So the orbit of Venus is very nearly a perfect circ^^. 

In his iirst study on Mars, Kepler had to work on the assumption that the 
earth’s orbit is practically circular. By good fortune it happens to be so. The 
eccentricity of the earth’s orbit is only 0-017. So the orbit of Mars is deci¬ 
dedly more flattened. With the aid of Figs. 134 and 136, which give the 
Cartesian equation of the ellipse, you will be able to see how Kepler’s first 
law can be tested. Having made a graph of the actual positions, measure 
the greatest width (major axis) and the perpendicular width through the 


Sept.23 

cp 



_n_ 


Uardi^l 

Fig. IST.—Plotting the Earth’s Orbit 
The dates of perigee and apogee are Kepler’s. They are now about 3 days later. 

midpoint of the longest diameter. This will be the minor axis. Fig. 136 
shows you that, if an ellipse is drawn with the minor axis lying along the y 
and the major axis along the a: reference lines, 


From this you can tabulate corresponding values of x and y, since m and M 
are known,' If Kepler’s first law is a good one, the points deduced from 
the equation should lie closely in the same curve as those based on direct 
observation . Having satisfied himself that the figure was not a true circle, 
Kepler explored nineteen hypotheses before he found one which was entirely 
satisfactory, 

The publication of Kepler’s analysis of the orbit of Mars was immediately 
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followed by the invention of the telescope. With new optical equipment it 
was now possible to measure smaller angles. With refined measurement the 
angular diameter pf the sun is seen to vary appreciably in the course of a 
year. That is to say, the earth is nearer to the sun at some times than at 
others. The distance at any time is inversely proportional to the apparent 
size. So if we malce a date circle along the radii of which the earth lies at 
diiferent times of the year, as in Fig. 137, we can measure off distances 
proportional to the actual distance of the sun on any day. If we first measure 
off SA as the earth’s distance on December 31st (when the earth is nearest 
to the sun), and find that on July 1st the sun’s angular diameter is x times as 
large on December 31st as on July 1st, the earth’s distance SB on July Ist, 
is SA ^ X . In this way we can plot out the earth’s orbit from day to day. 
Although it is very nearly circular-far more so than the accompanying 
figure would suggest-it is easy to detect that the earth does not move in a 
circle with the sun as centre. If you draw a series of ellipses of different 
eccentricities by the method shown in Fig. 136, you will find that the foci 
can be relatively far apart without producing a very noticeable departure 
from the shape of a circle. If the foci are far apart either of them must 
be decidedly nearer to one end of the major axis than to the other. Measure¬ 
ment of the form of the earth’s orbit shows that the sun is at one focus of 
an ellipse. Although the ellipse is very nearly circular, the extreme distances 
of the earth from the sun differ by quite a considerable quantity, namely 
three million miles. 

KEPLER’S LAWS 

Tycho Brahe had refused to accept the Cbpemican view. Rejecting the 
Ptolemaic epicycles which gave no account of the relation of the behaviour 
of the planets to their propinquity to the sun, he adopted a compromise 
essentiaJly the same as the earlier Egyptian doctrine. The earth remained 
at the centre, but the planets revolved around the sun. The recognition 
that the sun’s apparent annual motion is not a perfect circle was a severe blow 
to idealistic dogmas which had reigned unchallenged for centuries. Ten 
years after the publication of his work on Mars, Kepler broke boldly away 
from the geocentric view of the universe and restated the doctrine of Aris¬ 
tarchus and Copernicus in the three laws which usually bear his name, 
These are: 

1. The earth and the planets move in ellipses with the sun at one focus. 

2. The radius vector of a planet’s motion describes equal areas in equal 

times. 

3. The square of the sidereal period (T) of any planet bears a constant 

ratio to the cube of its mean distance (d) from the sun, i.e. 



If the year is the unit of time and the mean distance of the earth from the 
/ sun is taken as the unit of distance, the periodic times and mean distances 
of the planets at Kepler’s time are given approximately in the following 
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table, from which you will see that their ratio is constant to about the same 
degree of accuracy as the figures themselves. 


Planet 

T 

d 

f 

Mercury 

0'24 

0*39 

0*971 

Venus 

0-61 

0*72 

0*997 

Earth 

1-00 

1*00 

1*000 

Mars 

1*88 

1*62 

1*006 

Jupiter 

11*86 

6*20 

1*000 

Saturn 

29*46 

9*54 

1*000 


Kepler’s account of the movements of the planets was not more satis¬ 
factory than the hypothesis of Ptolemy because the case was stated with 
greater logical subtlety, because it placed greater reliance on mathematical 
ingenuity, or even because it was simpler to grasp. It was more satisfactory 
because it could help people to do things. If we want to know when and where 
to put a telescope to see n planet in the sky, Kepler’s recipe helps us in situa¬ 
tions when Ptolemy’s recipe would lead us astray. If we want to know when 
and where , to look for an occultation of Mars, Kepler’s hypothesis shows 
us how to make an almanac which will be serviceable for a long while ahead. 
Ptolemy’s hypothesis could not. A scientific hypothesis is not a passive 
prediction of future oomts. It is an active prescription for human conduct. 
For a long while to come the Copemican doctrine in its new form was still 
open to the objection that no annual parallax of the fixed stars could be 
detected by the instruments then available. Its universal acceptance by the 
scientific world was ensured by the fact that the earth’s diurnal rotation and 
the laws of Kepler received independent confirmation from new knowledge 
about laws of motion to be explained in the next chapter. The recognition 
that the apparent paths of the sun and planets are not perfect circles was a 
far more drastic step than we might suppose. In the age of Kepler, science 
was only be ginning to shake off the Platonic teaching which seeks to arrive 
at truth by logical argument based on self-ewldent principles and verbal 
definitions. Plato taught that the heavenly bodies must move in circles 
because the circle is the most perfect figure. Ptolemy had founded his system 
on the self-evident principle that the whole celestial sphere rotates around 
the earth. Arguing from these premisses his logic was flawless. The success 
of Kepler’s calculations started a steady decline in the belief that logic is a 
sufficient guide to truth. 

To recapture the atmosphere of the time we may recall a type specimen 
of Aristotle’s astronomy: “The shape of the heavens is of necessity 
spherical, for that is the shape most appropriate to its substance and also by 
nature primary.... Every plane figure must be either rectilinear or curvi¬ 
linear. Now the rectilinear is bounded by more than one line, the curvilinear 
by one only.... If then the complete is prior to the incomplete, it Mows on 
this ground also that the circle is primary among figures, and the sphere holds 
the same position among solids.... Now the first figure belongs to the first 
body, and the first body is that of the farthest circumference.” Contrast these 
words with those of Francis Bacon; “It cannot be that axioms discovered 
by argumentations should avail for the discovery of new works; since the 
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subtlety of nature is greater many times over than the subtlety of 
arguments. . . . Radical errors in the first concoction of the mind are not 
to be cured by the excellence of functions and remedies subsequent. . . . 
We must lead men to the particulars themselves, while men on their side 
must force themselves for a while to lay their notions by and begin to 
familiarize themselves with the facts.” 

The supremacy of fact over logic, the use of logic as an instrument to be 
calibrated continually by recourse to fact, is a lesson which every branch of 
science has had to master. If we may gain profit from the record of man’s 
growing knowledge of nature, we may be sure that scientific study of social 
institutions will be possible when our economists “lay their notions by and 
begin to familiarize ffiemselves with the facts.” One by one the natural sciences 
have abandoned the self-evident principles of Aristotle. Logical deductions 
from the self-evident truth that nature abhors a vacuum have proved unable to 
suggest the proper way of pumping water out of a mine, and the self-evident 
truth that bodies fall where they belong is not particularly usefiil when we 
come to calculate the path of a projectile. The past history of human culture 
shows us that a high level of scientific attainment in isolated fields has 
flourished when men have been forced to bring their beliefs to the bar of fact 
and use them as recipes of social conduct. That the social sciences have not 
passed out of the stage from wliich the natural sciences were emerging in 
the time of Kepler is sufficiently evident from the following exposition of 
The Nature and Significance of Economic Science by Professor Robbins; 

We have not yet discussed the nature and derivation of Economic Laws.. . . 
It will be convenient, therefore, at the outset of our investigations, if, instead 
of attempting to derive the nature of Economic Generalizations from the pure 
categories of our subject-matter, we commence by examining a typical speci¬ 
men. ... It is a well-known generalization of elementary Price Theory that, 
in a free market, intervention by some outside body to &c a price below the 
market price will lead to an excess of demand over supply. . . . Upon what 
foundations does it rest? 

It should not be necessary to spend much time showing that it cannot rest 
upon any appeal to History, The frequent concomitance of certain phenomena 
in time may suggest a problem to be solved. It cannot by itself be taken to 
imply a definite causal relationship. . . . It is one of the great merits of the 
modern Philosophy of History that it has repudiated all claims of this sort, and 
indeed makes it ihs fundamentum divisionis between History and ^ Natural 
Science that history does not proceed by way of generalizing abstraction.. . . 
It is equally clear that om belief does not rest upon the results of controlled 
experiment ... our belief in this particular generalization and many others 
is more complete than belief based upon any number of controlled experi¬ 
ments. ... But on what, then, does it depend? . . . In the last analysis, 
therefore, our proposition rests upon deductions which are implicit in our 
initial definition of the subject-matter of Economic Science as a whole. 

This passage briefly summarizes every attitude to knowledge discarded 
by the natural sciences in reaching the prestige they now enjoy. The natural 
sciences owe their prestige to the fact that they provide man with the means 
of regulating his social conduct. They are able to do tins because science 








2i8 


Science for the Citizen 


rests on a wholesome distrast of logic, except in so far as the results of a 
logical process are tested continually by return to the real world. Sprat, 
Bishop of Rochester, in the first history of the Royal Society, which he 
speaks of as an “enterprise for the Benefit of Human Life by the Mmee- 
mmt of Real Knowkdgef^ devoted the beginning of his narrative to the way 
in which real knowledge is gained. His r^sumd of the scholastic tradition is 
worth quoting side by side with the preceding extracts from a contemporary 
economist. 


They began with some general definitions of the Things themselves, accord¬ 
ing to their universal Natures, then divided tliem into their Parts, and tlien 
out into several propositions, which tlicy laid down as Problems: These they 
controverted on both sides and by many niceties of Arpments, and Citations 


of Authorities, confuted their Adversaries and strengdiencd their own Dictates. 
But though tliis notional War had been carry’d on with far more care 
calmness amongst them than it was. Yet it was never altk to do any 
Good towards the Enlargement of Knowledge, because it rcly'd m 
Terms which had not much Foundation in Nature and also because tlicy took 
no other Course but that of Disputing. 



Some folk seem to think that the human imagination is impoverished by 
accepting tlie supremacy of fact over mere logic. So it is healthy to rmill 
the eloquent fervour with which Kepler began the announcement of his 
doctrine: 

What I prophesied two-and-twenty years ago, as soon as I discovered the 
five solids among the heavenly orbits—what I firmly believed long before 
I had seen Ptolemy’s Harmonies—wliat I had promised my friends in the 
title of this book, which I named before I was sure of my discovery—what 
sixteen years ago I urged as a thing to be sought—tliat for which I jokcjl 
Tycho Brahe, for which I settled in Prape, for which I have dmitcii the best 
part of my life to astronomical contemplations, at length I l^vc brought to 
light, and recognized its tratli beyond my most sanguine expectations. It is not 
eighteen months since I got die first glimpse of light, three months lincc the 
dawn, very few days since the unveiled sun, most admirable to gaze ufKin, fnirst 
upon me, Nothing holds mej I will indulge my sacred furyj I will triumph 
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to the latter. The result is that the sun*s position among the fixed stars on the 
vernal equinox has sliifted from tlie constellation of Aries to Pisces since 
the time of Hipparchus, though the node is stili called “the fust point of 
Aries” denoted by the zodiacal sign for tlie ram (f). 

The explanation of the geocentric view of planetary motion given in this 
chapter is based on the observed change in the R.A. of a planet. The trace 
obtained is not the true orbit, but the projection of the orbit on the plane of 
the celestial equator. Actually the planets move close to the plane of the 
ecliptic, and a closer approximation to the true orbit is obtaind by plotting 
their movements in celestial longitude. As stated on p. lOli, celeslial longi- 
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Fw, 130,-Tfffl PaimiON OF OT Equinoj® 

From the standpoint of a sun observer (helloantric or Copemlcsu view) the Prc« 
cession can be regarded as analogous to die wobble of a ipiaaiM m. lae etrm*i 
polw axis rotates slowly about the pole of tire ecliptic and the wtK equtwr rwoiwi 
at the approximately fixed inclinauon of 23f to the plane of die cm’i orbit. Thfe 
rqmuon means that the north pole, which ii tilted mnward when the tun is “in cSmser*” 
will be tilted away from the sun in Cancer a half-cyde (i.2i{>0O 13,WO ycim) h&k 

tude and latitude have the same relation to the axis and plane of the ecliptic 
as R.A. and declination to the polar axis and the celestial quator. Great 
circles of longitude intersea at the pole of the ecliptic just u great citdea 
of R.A. (Fig. 141) intersect at the cdwtial pole, and longitude is measured 
like R.A. eastwards from T. Latitude is measurd by elevation above the 
plane of die ecliptic just as declination is measured by elevation from the 
edesnd equator, and ^latitude (()()« - Lat) is analogous to polar distance. 
Though this system is less useful for ready cakuktions for |@ogt»hicai 
use, It has special advantages for observatiotis carried on over kmg periods, 
because the poslrion of tlie stars with reference to the plane of the ediptic Is 
fixed. So the latitude of a star, i.c. its devition above the cdlpdc plane, is 
not affected by precession and ite longitude increases 00^ «mds of an arc 
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per year. I he sun’s celestial latitude is always zero, and its motion in longi¬ 
tude is more nearly uniform than its motion in R.A. If we know the latitude 
and longitude of a star at one date wc can therefore fmd it easily at another, 
and wc can calculate the ckinge in R.A. and declination due to the rotation 
of the nodes if wc know how to convert observations from one system of co¬ 
ordinates to the other. We can then calculate the azimuth and times of rising 
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Fio. HO.— Eoarac am» Equaiokial Co-oimmAm of ihb Hsavins SumiMPosED 

IN A PUNB 

By ri»f«am£iji| bcHh the kdtude and declination pmliclf as circles In conformity 
VM Pk, fii ft dlsmitfea of foe great circles of longitude and Right Ascension is 
pmdsKsed. 

m setting of stars «t different periods in the hlsfory of the earth. The solution 
of the protei also iastrites ife method for detennining the true orbit of 
tptet, . ■ ■ ■ ■" 

Since longitude and Rii., am both reckoned from the intersection (T) of 
the phute of the ecliptic and quator, i.c. the sun's position on the vernal 
equinox, ‘y 1« SO® from the pole (E) of the ediptic along foe great circle of 
longhnde 0®and SO® from the celesdd pole (P) along foe great drde R.A. Ob. 
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(see Fig. Wl). The pole of the ecliptic, the celestial pole, and Tjorra three 
corners of a spherical triangle of which 

EP is the colatitude of the celestial pole or the polar distance of the 
ecliptic pole and is equal to tlie obliquity of the cclipue (ipproxi* 
mately 

Ecy5s=90'’«P'y’ 

/.cfEP = the longitude of P 
^cy’PE^ 360“~R.A,ofE. 

So applying the cosine formula for spherical triangles: 

cos ET = cos EP cos Pt '}■ sin EP sin Pt « 'fPE 
COS 90"«cos 23f cos 90" • (■ sin 23.J" sin 90" cos ‘fPH 
cos tPB 0 
cfPE==90“ 

Similarly 

cos PT •" cos Et cos EP i sin Kt sin RP cos ‘pEP 
- cos 90"»cos 90" cos 23i" •{ sin ffO" sin 23|" cos ^»EP 
costEP=^:() TEP-90" 

Thus the triangle EPf in Fig. Wl is a right angled triangle In which the 
side EP is (approximately) 23|", the sides Et and Pqp arc each 90“ and the 
angles E and P arc also each 90". A spherical triangle is also fonned with the 
three corners E, P, S, corresponding to tlic poles of the ecliptic and of the 
celestial equator and a star S. The two sides ES, PS, arc arcs along the longi¬ 
tude and R.A, meridians of the star respectively. Since tEP 90“ and ‘pES 
is the longitude of the star, 

pes^vep-tes 

«90"-I^ng.ofS 
Since tPE =« 90" and TPS is the R.A. of the stir, 

eps^tpe + tps 

-90" + Rl.ofS. 

In the spherical triangle EPS therefore we have five quinriries of which any 
two may be found, if the other tlirec are fcaowa. They ate: 

EP 23|" approximately 
ES «90“ ~ Lat (*colttitude) 

PS « 90“ - decim. (apoto dhtance) 
PES«90"-Long. 

EPS«90" + R,A. 

Applying the cosine formulae: 

(i) cos PS = cos EP cos ES + sin EP sm ES a» FES 

sin (declin.)«cos 23|“ sin (lat.) + sin 23}* m (lit) ilo 0oflg.) 

(ii) cos ES «cos EP cos PS + sin El sin PS ooi IPS 

sin (Iat.)=cos 23}" sin (declin,)«sin 23}“ cos (dedln,} in (JLA.)* 

* Ste OT(90* +A) «« ~ iIq A, 
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Fio. Ill,—Tfffi Two SysfSMS or Cto.Esm)i. Co-oRoiHATies 

GdMtfil iathude aiid longitude give the direction of a star ns seen from the earth’s 
Mtf« with reference to the plane of the ecliptic (or earth’s orbit about the sun), 
Dedtaaiion and R,A. give its direction as seen from the earth centre with reference 
W the Diane of the celeidal equator (at right angles to the earth’s nok axis). Since 
thi wition of the itaw with reference to the ccfipik plane is hxeti the latitude of a 
itur tt not affcacd by precession. lAtngitudc is reckoned like R,A. from the meridian 
whMi {«i#ei througli the node v. Since tliis slowly retreats at Ctii seconds of an arc 
per pk the longitude of any star increases by fiUi" per year. Compare this figure 
tarcfuUy with Fig. tUi in Chapter 2 by tilting citlicr through glii”. 


If we know the R and dcclioatioa of a stir we can calculate its celestial 
latitude, and If we know the ccltarial bngitude and latitude of a star we can 
get in dfidination by the cosine formula, SMirly, applying the siue formula; 


sin EPS 
sia.ES ‘ 
sm(90“-|-R.A.) 
sin(90*-kt) 
cos {R.A.) 
’* cos (lat) 

A (ifi) cos(R.A.): 


aiaPES 
sin PS 

sin (9Q* -- long .) 
8in(lK)“*-dcclinJ 
cos (long,) 
cos (dedin,) 
cos (loing.) cos (lat.) 
cos (declin.) 
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For a check to the formula we may calculate the azimuth of the rising May 
year (p. 69 ) at the terrestrhil latitude (6r approximately) of Stonchcage. 
To do this we need to know Ac sun’s declination on May (lih. The May ypr 
begins at a date half-way between Ae vernal equinox and summer solstice. 
So Ae longiAde is The sun’s celestial latitude is always zero. Thus 

sin (declm.) ~ cos 231“ sin 0 -b sin 23|“ cos 0 sm 43“ 

«0 + 0-3987 x 0*70n 
n= + 0>2819 
declm. “ +16|® 

At 61“ (terrestrial) latitude Ae azkuA of rising is given by Ae formula: 

. , sin (dcclin.) 

=-isiEr 

« 0*448 

azimuA -- OBf (appxiraatcly), or SOf north of the 
east point. Allowing for a slight change m Ac obliqmty of Ae ccliptic» this 
corresponds to Ac older May year alignment whld Lockycr describes in 
adAtion to Ae solstitial setting (Fig. 1). 

As a problem m assigning a date to archaeological remains the Great 
Pyramid will serve for Austration. According to one Acoty Ae iutmel 
sloped to greet Ae transit of Soth, or Sirius as we now call it. To riroplify 
Ac issue we may calculate Ac declination of Sirius 4,100 years ago, if. in 
2164 B.C. The present declination of Sirius is (approximately) Itlf Sou A, 
and its R.A. is 6 hours 42 minutes (approximatriy), or lOf, To p iti 
co-ordmates at Ae date mentioned we may first r&r its positkm to Ae 
plane of Ae ecliptic, Auss 

(i)' sm(lat.)« cos23|“8itt(- Ifi|“)-8m23|“co8(-10$in 101“ 
- cos 231'’ sin 16|“ - sin 23f cos 16f cos if,* 

lat.*^-39*6'’ 




cos(-16|“)co8iOF 
cos (- 39-6) 
cos 16|° sin IF 
00839 * 6 “ 


« - 0*2371 


Since cos 76*3“ = 0*2871 (approx.) 
cos (180“ - 76*3“)0*2371 
longitude =108*7“ 

The precessional shift is 60i seconds of an arc m Ae longitude of lU saw 
per year. Hence Ae mcrcasc smcc 2164 B.c. is (W| x llOOf or 


* Since lia (00 +A)-cos A, 
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601 X 4100 -+ 3fKK) degrees, i.c. 67*2“. Thus Ae longitude of Sirius 
at that date was 103*7“ - .77*2“ s- ‘1,(5-6", So that the declination of Sirius 
at that time is given by: 

sin (doclin.) cos 23’“ m (--Slbr/’) •[•siii 23’” cos (“'39*6“) sin (■1(!*5“) 
-- cos 23’” sin39*6" +■ sin23|" cos 39-6“sin4l]*r/’ 

- 0*6833-f 0*2232 

. 0 * 3(101 

.*. dedinatioa - L'l-rS. 

I he accompiuiyitiitligure (Fig. f Pi), which should be compared with Fig. 2, 
shows that if the an|'k of the Pyramid is approximately 62”, the beam of 



TUB Gkcat PviO.Mni ' 

Sirius striking its face at right angles when crossing the meridian is elevated 
38“ Ifom Ac horkon, The terrestrial latitude of Ae Pyramid is 30“, so Aat 
Ac angle which Ae star made wiA Ac cnkstial equator (i.e. its dcctoiion 
at Ac rime when it was built) was approximately - 22”, which dilfers by less 
Aan a degree from the figure calculated, for the date assigned, wiA the aid 
of four-figure tables and approximate values for Ac obliquity of the cdiptic 
and Ac angle of Ac Pyranud. Proceeding in this way we get - 20*8“ m 
2064 and - 28 ■ 0“ in 2804 js.c. for Ac declination of SMus. If, then, Ae tunnel 
was m line wiA Ae transit of Sirius, the Pyramid must have been com¬ 
pleted about 3400 B.G, I’o assign a more precise date a graph of more accurate 
vshjcs of dcclmatiom at dilfereat dates, as given in Lockycris book on 
be prepared, and Ac date when Ae declination of tbc star 
agrwd most closely wiA Ac architectural data can be read off from it. 

The possibility of dating a solar monument like Stonehenge depeads on a 
difeect prinaple. What wc call Ac summer solstice is Aeday on which the 
posklve dedinatioa of Ac sun is equivalent to Ae angle of obliquity, aad since 
Ae Jidinationof Ae equator to Ae ecliptic is not involved in Ac precsssioa 
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and thaefoK ® accimlted from the lime of the Ataaodnm 

ohserv«s hm „y,q„„y „f * 

Hippados “J jtehtlHess than a degree-ate the tegmnmg 

fS S S« to Station, which ia now .tout 2:ii 
of 24" at the time when Stonehenge waa erected, and 

Z^t of»aveL placed to meet the rising midsurmner sun. 


examples on aiAPTER IV 


f. Ktar. rffider will need Wliitakefs Almanack and a planispheit, wltidi 

Sto toStrn «n edncadonal bookseller for .tout ks. «d. « h.!t . 

41 ,. aid nf a map on which ocean distances arc given, worh <nit 
1 With ^ sailing from ports connected by direct routes. 

London and Liverpool? , 

9 On April 26th, tlic sun’s RA. being 2 hours 13 minutes, the bcarmp 

„ftoaf.?««efoundtobe»follow.,byahome.m«len»»^^^ 

Aidmuth AmtthDtsimt locmlmt 

Almanack. 

a Tn «t the cifflct poaildon of the meridian a line was drawn totween two 
is fa S sun on July 4th «a pl.ee Ut. 4. N At wh.. 

5 Se did the meridim lie? (Wrato.eivea the m'. dectation 

on July 4th as 23“ N.) Wlrat was tlw approximate tunc of sunset? 

4 If the R A of Sirius is 6 hours 42 minutes and its dcdiiwtion is ifif S, 
find its local times of rising and setting on January Ist at 
Glzeh Lat,30'’N. 

NeiwYorh Lat. 4rN. 

London Lat. 6l|[*N. 

Check with planisphere. 

6. Fkd the times of rising and setting of the sun on Feb!»^^ 

azimuth of rising and set^g on the same date at the latitudes of Loucwq, Hew 
York, and Cape Town. 

6 . Find the times of rising and setting of Vega, a week kfore ffid a w^ 
after the vernal equinox at Lai. 61“ N, Compare them with the ito of simrise 
or sunset. Give the azimuths of rising and setting at the same latitude. (R A* of 
Vega 18 hours 36 minutes, Dedination 88* 43^) 
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I, From the tables of R.A. and Declination in Whitaker, make a graph 
of the tiincs of rising and setting of any star and of the sun throughout ke 
year at Sfour own latitude. Hence find dw date on which the star is seen rising 
and setting in morning twilight (one hour before sunrise) or evening twifighi 
(one hour after sumset), Check with a planisphere. 

8. Find die declination of Polaris and y Draconis in the time of HGIpparchus 
(160 B.C.}, 

0. According to Fotheringham, the Chaldean astronomer Cidenas taught 
that Mercury was never more than 22“ distant from die sun. If its orbit were 
circular wliat would be the relative distances of Mercury and the earth from 
the sun? 

10, With the aid of three consecutive issues of WMtalter tabulate the R.A, 
of Venus and Mars for a sufficient period to determine die sidereal period of 
each planet, and determine the relative breadth of dicir heliocentric orbits, 
assuming that they are the circular form. 

II. Use the sidereal periods of the racKin and one of die planets Venus, 
Mars or Jupiter, the R.A, of the moon and the R.A. of the planet chosen as 
given for the first day of the month in Whitaker, to calculate approximate 
times of lunar conjunction and opposition during the ensuing lunar cycle. 
Check from the same source. 


TIimGS TO MEMORIZE 


vSaluiion of spherical trlan|lcs. 


cos a«cos b cos c - I* sin b sin c cos A 
. . . sin a sin C 


2 . If Azim. is reckoned from the south point: 

sill Dccl. sin Ijt. cos Z,D, cos Lat, sin 2.1), cos Azim, 

When a heavenly Imly is rising or setting 

sin Dec}. -- cos Lat, cos A?im. 

« . • -fT A , ■ sin Azim, sin Z,D. 

cos Dec!,' 

4. If Azimuth is reckoned from flic south point, cos Axim, is positive for 
stars with southerly, and negative for stars of northerly, bearing, Sin Azim, is 
reckoned negative when a star is cast of ffic meridian. 

. „ disMce between foci / 

6. Eccentricity of ellipse ' ■ 

. V , major tods , 


8 . Kepler's Third Law. If T is the sidereal period of a planet and d its 
distance ihom the sun, v d® is the same for all the plMcti, 


■ .L See fdio the four formidae on pp, 222-3 relating celestial latitude and 
longitude t(?dcc'Hnation:ftndRA, : 
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The Laws of Motion 
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impossible without die assistance of trained astronomers who accompanied 
their expeditions. 

In 1714 the British Government offered a pria of for tlie inven¬ 
tion of any means of determining longitude at sea with an error of not more 
than 30 nautical miles. The prize was awarded for Harrison’s chronometer 



Pig. 145.—.The water clock of Ctesibius invented about Hfifi b.c. had water dttipning like 
tears into a funnel from the eyes of a statue. A float mcdmjihim raised another hutmut 
hgure with a pointer wliich indicated the hours on a vertical cylinder. Once in twenty- 
four hours the figure descended to the bottom of the column by a siphon meclwiiwm 
as^shown in the previous Illustration. The siphon outflow worked a water wheel 
whichvery slowly rotated the cylinder dial, making a complete rotation in a year. The 
graduation of the cylinder was adapted to the varying Icnj^Iis of the hmin throughout 
the seasons. The gearing Is not shown. The curious ftaicurc of this device is the applica* 
non of so much ingenuity to conserve the seasonal bouts which preceded the inveautm 
of the Arab sundial, It Is said to teve been ksalled in a temple. 


in 1705. Simultaneously, U Eoy of Paris invented a better device wliich is in 
principle like the modem chronometer, These patents were the crowning 
aeWevemeut of sustained effort over a long period. As early as 1630, Gemma 
Frisius, a Dutch mathematician and cosmographer, had pomted out the great 
advantage of a chronometric method (p. 79) for finding longitude at sea. 
Thereafter the improvement of the clock constantly engaged the attention of 


Wheel, Weight, and Watchspring 231 

the leaders of physical science. Galileo, Hooke, and Huyghens, who laid the 
foundations of rlie dynamical principles systematized by Newton in the 
Priiicipui, were actively concerned with the betterment of the timepiece; and 
some of the most fruitful ilicoretical work was a by-product of their interest 
in doing so. One of the last acts of Galileo, who discovered the principle of 
the pendulum, was 10 dictate a project for the construction of a pendulum 
clock. Hooke, who is said to have first introduced the hair spring, also in¬ 
vented the “anchor csctipement” and a device for cutting watch wheels 
accurately. In a very real sense, his Law of the Spring was a by-product 
of the technology of time-keeping. Pluygheiis, who first developed the theory 
of centrifugal motion, puldished it in his Horolopitm Osdllatomm which 



Iho, Hti 

'I'lie desiga of tiiew two clocks illiistnUM vividly the dual social context in which 
the teduiology tif mcdianicai timekeeping prugi'tssed in the tntddlc ages. 

dcscrites his invention of the pendulum dock. He also made several attempts 
to make a seaworthy dock suitable for finding longitude by the method of 
Frisius and snbjccted his modds to tests at sea, 

The first docks in the modern sense, i.c. docks geared with toothed 
wheels, were driven by the falling of a weight, and checked daily by the noon 
sun. I’hcy were large clumsy affairs, .scarcely as accurate as the magnificent 
but quite immovable water clock or ckp^dm which was constructed by 
Ctesibius at Alexandria (see Fig. 146) in the third century B.c. Although 
designs were put forward at an earlier date, weight-driven clocks did not 
come into use before about A.n. iOOti, when they were first put up in churches 
and monasteries. For two centuries their use was confined to the ofiicia! 
timekeepers of Christendom. Till about A.D. 14110 they were not sold for 
«!cular use except for installation hi public buildings, In England the first 
public ckxi was erected in A.n. IdHH, Meanwhile Arabic astronomy was 
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bepinning to filter into northern Europe. In the generation which preceiki! 
Copernicus, Walthcr of Nuremburg (143(}~1K0;I) equipped what appears to 
have been the first observatory with mechanical docks. Spring-driven 
portable watches-the so-called “Nuremburg eggs”~wcre marketai at ilic 
beginning of the sixteenth century. 

In previous drapters enough has been said to empiwsixe the uniaortance 
of an accurate and portable device for registering time as a basis for astro- 
noraical measurements which underlie calendricd practice and navigation.^ 
Mechanical clocks made no mean contribution to the j'reat^ progrps of 
astronomy during the epoch of tlie great navigations. Aside from its usefulness 
as an instrument of observation, the wheel-driven dock created a tiew 
problem in mechanics. Finding the laws which describe the motion of the 
clock also disclosed new laws which describe the motions of the solar system. 
Though the telescope did much to encourage a favourable reception for the 
doctrine wliich Copernicus had revived, the invention of Ac pendulum dock 
was Ae incident which gave the death-blow to Ac geocentric principle. 

The Copernican doctrine, and still more Ac laws of Kepler, equipped 
navigational astronomy wdth more reliable and manageable rules fiir calcu- 
latmg conjunctions of planets. Apart from Ac convenience of doing so, 
there is noAing to explain Ac popularity of Ae CtJpcniiean teaching. 
A century after Ae death of (lopcrnicus no known facts of terrestrial 
experience could be brought forward to justify the major premises on 
which his doctrme rests. The supposed orbital motion of the earth was 
difficult to-reconcile wiA failure to measure the annual parallax of a 
star, a feat which was not acwraplished till about IH'K), when improve¬ 
ments in optical instruments made it first possible. Telescopic observations 
like Galileo’s descriptions of sunspots suggested Ae diurnal rotation of other 
heavenly boAes before it was possible to point out a single occurrence due 
to Ac earA’s axial motion. Even when Kepler published his final treatise 
on planetary orbits, scepticism was common among his contemporarici; and 
Bacon, whose Now/i Organum was written as a challenge to the Aristotelian 
tradition, obstinately rejected Ae heliocentric view. From a lindsinsm’s pint 
of view, Ae earth remained at rest till it was discovered that pdulura docks 
lose time if taken to a place nearer Ac equator (see p, 2HB), After the invention 
of Huyghens the earA’s axial motion was a socially necessary Emndation for 
the colonial export of pendulum clocks. 

The mechanical principles discovered by Newton’s immediate prede¬ 
cessors, Stevinus, Galileo, Ilookc, and Huyghens, bring us face to face with 
one of the great dichotomies in Ae history of human achievement. While 
science in the ancient world was chiefly contwicd with heavenly motionji, 
Aat of our own time is largely occupied with earthly ones. I'hls neglect 
of terrestrial motion by men of science in antiquity is not surprising. Neither 
Aeir technical equipment nor Aeir social environment was propitious to 
studying it. Antiquity was ill supplied with mechanical devices for registering 
small intervals of time, and so long as dvtlizcd life was restricted to stmny 
climates Acre was no pressing need to invent Acm. While slave labour wti 
abundant Acre was no social pressure to boAcr about how Amgs get nmvd. 
Merchandise was carried by slave-driven galleys cquippd wiA saili for «a« 




(a) Nouiutiiil or Nidu tUtl (abitus livy), _ (W A Ndctumal in Ufie. I 

A’i'/uUi/fW;/ hv fiern;iu:mi of MM. Stationery Qffieo frmn ‘Time MmimiwiiL'’ i 

IWt/JyDr/E.i I!. IM | 
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when winds were favourable. It was the business of the overseer to control 
the slave and ol the priests to propitiate the winds, Science was equally 
irrelevant to bth methods of persuasion. 

^ Northern civilization, where knowledge was rapidly advancing in the 
simuith and seventeenth centuries of the Christian era, presents a different 
picture. Mechanical timekeeping is a social necessity for a highly developed 
culture in the grey northern climate. During the decline of chattel slavery, 



Fw. t4»,—AStTOKOMtCM. Cl,0ac 0? TUB SlXTHra CiWTOT 

fttan the tane of Constantine onwinds, mccfmsm had ptmetnusd eveiyday 
life la other ways, The water mill was replacing irksome toil. Gunpowder had 
eatcfcd the theatre of war. Marksmanship required a dose-up view of motion, 
and metiJiut|lat! development (p. 363) received a new impetus, making new 
demands on water power. The circumstances of artillery praalce, of dod 
QMufictuK, of navigation, and of water power, belong to a sodd contort in 
wlM men of capadiy could find wealthy patrons m encourage mechamcal 
tmqiiirict, The new power with which gunpowder quipped imperidist 
doigni on the New World, the increasing importance of astronomy in 
fW^y MVigatiott, and the introduction of the dock into seculii use, were the 
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Fig. 160.—Early SBVENTEENTH-QEmmY Observatory^^^^^^^ Quadrant 
(Nqn-Telescopic) AJW Mboia^ 

Tk introduction of clocks into astronomical practice during the latter end of the 
meenth century increased the fecility of determining the time of transit, and h en ce 
R.A. of stars. With more accurate clocks at their disposal in the middle of the seven¬ 
teenth century astronomers undertook extensivd revision of the star catalogues 
Prominent among them was Hevel of Danzig. His observatory is here seen. The 
Mtalogue of Hevel formed the basis of more refined observations vrith telescopic sigks 
in the Pans and Greenwich observatories during the latter end of the seventeenth 
century. 

(Note that the accuracy achieved by medieval astronomers who worked like Tycho 
Brahe without telescopic instruments was due to the large scale of their instruments. 
Thus Tycho Brahe used a quadrant 19 feet across. A chcle of radius 19 feet has a 
circumference (360 degrees), of 19 x 2 x 3- W feet, i.e. roughly 120 feet or 4 inches 
per degree. Snce it is quite easy to distingm}! M'amametre (one-fifeeA of an 
inch),' an accuracy of feom one hundredth to onetwo^himdied^ of a degree could bh 
obtained, if the scale was accurately calibrated.) 

principal'drcumstanqcs, which conspired to create the adventurous hopefiil- 
ness of scventeenthrcentoty, capitaknij when Bacon penned his eloquent 
plea^'^lhc true and lawful goal of science is that human life Be endowed wkh- 
hew<|ower8 and mventipnsf 

'The manuals pubhshed. from 1600 onwardh ^ce Fig. 161J b^. 
eloquent testunphy to a. new impetus in the social background of Gahleo^, 



Fig. 161.— Military Mathematics 

These two prints taken from old books show one way in which solving die problem 
of motion had become a technical necessity in the penoduf Stevrous and ^eo. 
The upperone is fromBettino’s Apiam (Bologna, 1646). The lower fiom Mlers 
work on geometric insauments (1607). 

the sixteenth and seventeenth centuries the improvement of dock design 
was a matter of as much importance as the improvement of motor cars today. 
Exploration and havigation demanded a seaworthy timepiece, while marks- 
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manship called for a new unit of time reckoning. The problem of longitude in 
westerly courses and tlie problem of rangC'finding in mechanized warftre 
converged to a common focus, when the second became a unit of time measure¬ 
ment for the first time in history, and north-western Europe found it possible 
to dispense with a religion of saints' days. 

MECHANICS IN THE NEWTONIAN AGE 

Many people find the mechanics of the Newtonian age difficult to under¬ 
stand. To avoid discouragement it is therefore best to realize how some of 
the difficulties arise. The custom of speaking of mechanics as one of the 
exact sciences-it is even called “applied mathematics'-conccals the truth 
that all true science is as exact as it needs to be in virtue of the social circum¬ 
stances which force it to tackle new problems and as exact as it can be with 
the instruments at its disposal. In reality the textbook mechanics of Newton 
and Galileo is grossly inaccurate as a description of most mechunicai devices 
which we ourselves commonly meet. The mechanics of the age in which 
Galileo and Newton lived was good enough for whit were then called 
machines. It was brilliantly successful when applied to the problems of 
celestial motion. In a sense it was less the corner-stone of modem mechanics 
than an eloquent obituary on the science of antiquity. The world had not 
yet begun to measure power produced without the aid of man or Imm. 

The problem of Newton’s age was to connect the new motive power of 
the cannon ball with the behaviour of devices like levers and pulleys which 
distribute the power of human beings or of animals. MicMnes like dynamos 
and gas engines which generate power from inanifflite sources were not yet 
known. The water wheel or windmill took power from Nature at no 
cost to human effort. Newtonian science had no balsncc-sheet for h«i 
and work. You will not understand the fflechanied principles of Cialilco 
and Newton if you expect them to apply to the machinery of rapid large- 
scale industrialization in the Soviet Union, and you will be less worried by 
die words in which they were stated if you remember something else, Views 
which are now commonplace were entirely novel in the age of the iir'>t 
pendulum clocks. Because they were novel and because they were still in 
violent opposition to traditionsd belief it was pardonable to state them in a 
cut-and-dried way, neglecting qualifications which seem imperative to us. 

It will help you to get the atmosphere of the time, and to sec what the last 
sentence means, if we begin with a principle which is implicit in Gtlilccjs 
treatment of the path of the camion bali. According to the Aristotelian 
teaching, which was adapted by St. Paul to explain the mystery of the Resur¬ 
rection, everything in the universe had its place. If things got out of place 
they returned sooner or later to the place where they bdongcd-earthly 
bodies to earth, celestial bodies (including the “spirits" of the retort) to 
heaven. Like other self-evident principles on which economists rely, this 
had very little relevance to the conduct of secular life, unless taken to signify 
that smoking is a celestial occupation, In pardcular it does not help you to 
decide where a buUct belongs. So long as Aristotle’s physics cnjoyKl ax much 
authority as the Bible, it was a novel and exdting discovery to that things 
just go on moving till something stops tliem. It was just as novel as Darwin’s 
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doctrine when most Englishmen still believed the Biblical account of creation, 
1 he words in which Newton’s generation announced the discovery are no 
more surprising than the fact that Pluxley’s views about man’s nearest 
Simian ancestors arc not universally held at the present time. 



l-'iii, isz.—HrmNO A Moving Oujhct 

If the bullet is ted ilong the line of sight, it will miss. The rider will Iwe moved 
on beyond where he wai along the line of sight at the instant when the bullet left 
the musle. To hit the mark the gun must be dlted away from the line of sight in the 
direerion of the rider*# motion. If the rider moves at a velocity o feet per second, he 
covers w feet (here Sd, since the time is 3 seconds) to i seconds. In the same time 
the bullet travelling with velocity V feet per second covers a distance of Vr (here 3V) 
fei along its own path. If biilict and rider reacli the same ^oint, as when the bullet hits 
its mark, their t^ths make two sides of a right-angled triangle vdih the sight line at 
te mcaaent of firing, endostog the angle« which measures the tilt of the gun to the 
direa Itoe of sight, when the aim is costcct. The rider’s path (vt) and the bullet’s 
path (Vr) are respeedveiy die perpendiculiw and hypotenuse to a, i.a. sin o vt -i' Vi or 

itoa-vf V wcos(tl{P~'a) : . 

The proper angle depends only on the speeds of die bullet and rider, and it is not 
awsssiry to know the dUtances. 

How the principle of inertia emerges from the social context of the time 
li iksm in Fjgs. 152 and 153, wliich iliustiitc iwq of the most elemcntaiy 
pfoblems of marbmanship. If you arc standing stiU (Fig. 162) you have to 
ihoot ihc«d of it to hit an object moving at right angles to your direct line of 
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the essential fact of the sluggishness of matter or ineriia is a very tangible one, 
and directly contrary to Aristotle’s teaching. We all toow that when a train 
or bus stops or starts our bodies continue to move in the direction of the 
previous movement, or remain at rest, as the case may be. Our feet, firmly 
set on the floor, follow the movement of the vehicle. Consequently we lurch 
backwards when the train or bus starts, or forwards \vhcn jt stops, ^ In this 
instance the movement of the vehicle is usually straight at the time. In 
turning a corner we lurch forwards and so outwards, a difliculty which every¬ 
one has to learn to forestall when first attempting to ride a bicycle. Our 
tendency, which we soon leant to counteract by leaning inwards, is to go over 
on the outer side of the curved path traversed by the machine. This illustrates 
the English idiom which embodies the most important aspect of inertia. We 
“fly off at a tangent.” The principle of inertia signifies that when we turn a 
bend, we have to exert a pull by bending inwards to prevent ourselves con¬ 
tinuing to move in a straight line forwards. 

You may properly object that the flywheel of a steam engine docs not go 
on for ever, and that Newton’s first law is therefore plain nonsense, This 
would be wrenching it out of the context to which it belongs. Newton’s 
generation knew as well as we do that an iron ball docs not roll along a 
stretch of ice indefinitely. They also noticed that it does go on much longer 
than it would on a rough surface, and that a welHubricatcd wheel revolves 
longer than one which is dry. Hence they concluded that friction or atoivc 
contact with matter is the chief circumstance which limits the principle. 
Since the same push will propel an object over a longer distance in lir than 
in water or in contact with a solid surface, they argued con^y that Ais 
limitation is usually unimportant when Ac matter in contact wiA the moving 
body is rarefied. They also recognized that air friction may be comiderible 
if the surface of an object is large compared with its bulk, tad Newton himself 
carried out an important experiment to find out how far air friction an be 
neglected (see p, 370). For calculating the range and height of Ac glow- 
moving short-range projectiles of Galileo’s time, the error due to lir friedoa 
is very small. 

It was thus natural to go a step fartlier. If there were no air, and no contact 
with matter, there would be nothing to stop a annon ball from going on in 
a straight line at Ac speed wiA winch it left Ac music, cx^t Ae fact 
Aat like all oAer solid bodies it is being pulled carAwards during its range. 
If so, why should not Ae planets move in a straight line through Ac vastness 
of empty space with no friction to stop them? Might not Ae answer be Aat 
they were pulled sunwards as the cannon ball in its curved paA (Fig. 171} is 
pulled earthwards? This was the problem to whiA Newton’s first “law” was 
preliminary. The words in which he propounded Ae principle of inertia, 
though seemingly speculative in circumstances wiA whiA Newton was not 
concerned, are easily intelligible in their own setting. 

MECHANICS IN TliE ANCIENT WORLD 

To trace the steps which led to Newton’s mcAanlcd of Ae sote 
system we must start with mckims as Ae word was ttffl used in Newton’s 
time. With Ae exception of the saAng ship, Ae windmill, and the water 
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wheel, machines were still devices for spending human effort in a more 
convenient way. A machine was not someAing that Ad work for you like 
a dynamo. It vvas something which gave you mechanml advantagCi another 
term for adapting a task to the normal rate at which a human being works 
efficiently or, more simply, allowmg you to take time over your job. In effect 
Acy gave you Ac choice ot carrymg a light load over a long stretch instead 
of straming yourself wiA a heavy load over a short Astance. It is sometimes 
essential to choose Ae first alternative, because there is a limit to the load 
ag^st which Ae human muscles wA contract at all. It is also a social 
limitation impo.sed by Ae Acumstances of slave labour. An overseer can 




keep alava on Ac move. OAy freemen are capable of sustained maidmum 
effim. TOle slaves were abundant Ae mechanical ingenAty of Ae ancient 
world was mainiy focussed on devte of this sort, and what mechaAcal 
principles were recognized as suA were chiefly concerned wiA Aem, 

The m broad gcactalizatioas of mcchaAca A Ae anaent world afose 
mpectii^y on Ac one band from the pracucc of arcAtecture, navigation, 
and aAning (stresses, lifdng stone blocks, cargoes, and ore), and on Ac other 
fi»m itiigation (water level) and assay, ITic principle of Ac lever and Ae 
falndple of buoyancy are ^A set forA in Ac works of Archimedes, and 
drctttwibe Ac Acoretical basis of mcAanics in Alexandrian dvilization, 
The bearing of Ae latter on oAcr problems wAch aro.se in artillery warfare 
wM 1x5 muched on in Chapter VIII. The prmdplc of Ac lever, which can 
be uficd to measure Ae mcchamal advantage of Ac “simple machines” 
Rffifted to in Ae last paragraph, in A1 probability emerged directly from 
Ae practice of warfare. Fowerffil atapults were first used in the campaigns 
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A familiar application of the principle in the everyday life of our own time 
is the type of scales used on railway stations for weighing luggage, or in 
hospitals and chemists’ shops for weiglung the human body (Fig. 15(i). Its 
bearing on the catapult is interesting, because it involves an important 
consequence which was not fully grasped till the displacement of human 
eifort by machinery made it necessary to measure work. We all know that 
practically no eifort is required to tilt the pans when two weights arc balanced 
on a scale. If the pulling power or Force which your own arm can exert is 
capable of raising a hundredweight, it can also balance a ton at the end of a 



lever, when the hand is applied to the opposite end it twenty times 
distance of Ac load from Ac fulcmm. A ncgHgible iddldoaal effort is to 
required to jerk Ae load upwards. 

Not being concerned wiA machines which are driven wiAout human 
eriort, mchimedes did not recogniue Aat his prindpk gives us a clue to 
Ae right way of measuring work, so Aat we know when we are working 
economically. If you think of one of Ac earliest mechanisms devised to 
facihtate human labour, you will see Aat Ae modem way of measuring 
work IS a matter of common sense. The first Magdahmian man who drew a 
sledge, must have been My aware Aat a day’s work could be reckoned by 
the p^ exerted and Ac Astance covered. Using E for work, p for pull and 
«for distance, we should sayj * 

Eccpxh 
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If we call a unit oi work, work done in traversing a unit of distance with a unit 
of pull 


I 

I 

I 


Ihc law of the lever tells* us that this way of measuring work in so many 
lb. wi, and so many feet (toot pounds weight) is in general a satisfiictory way 
01 measuring work. When two weights arc balanced 




i-Kr. PllCUiV 

If we now tth the beam u little, so Aat the small weight descends through 
hf and Ae large ascends through H, Fig. 105 Bhow.s that 

d k 

It follows, therefore, rhat 

WE : wh 

i.e, (w load gains in power to do work to the same extent is the other loses 
power to do, wttrk, 

So if we measure work by Ac product of the weight lifted and Ac distance 
cowed, no work is done in tilting a lever when it is just balanced. That 
we laow this to be true shows Aat this is a satisfactory way of measuring 
tin nwk of a machine as well is Ae clay’s work of Magdalenian man. 

Ihe Mmc principle am be applied to anoAcr ancient device, balancing 
weights by means of a pulley. If a cord is suspended over a simple pulley 
ihoTO in Ae kft of Fig. ISU, two quivalent weights attached to its ends 
balance. If a weight is attached to Ac free end of Ac cord in a compound 
pulliy’ like Aat shown on Ac right, ciperiment shows Aat it will balance two 
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equivalent weights attached to the second pulley. Ihe ptinciple oi the levef 
leads to the same conclusion as experiment. If the smaller one (re) falls 
through a small distance + k the pulley is raised through a distance l/i. 
With the usual convention of signs, it therefore/o/Zr through -- U. If no 
work is required, the total work done in a small shift is: 

Yet a tliird “simple machine” for getting the same task done in a more 
leisurely way without reducing the total effort expended was the “screw and 
cogwheel,” the name of which is self-explanatory. In a work which lias 
come down to us in an Arabic translation, Hero, who was the most volu¬ 
minous writer on mechanics in die Alexandrian age, describes a hypothetical 
combination of lever and multiple pulley widi screw and cogwheel for raising 
weights. How scant was the encouragement for mechanical ingaiuity in the 
modern sense is illustrated by another remarkable device which is described 
in his Hmmedica, The expansion of air in a hollow altar during the sacrifkiil 
fire is made to force water out of a closed vessel into buckets. The descent 
of the latter, when full, is used to pull open the doors of the temple where 
profane labour was preduded. 


WEIGHT AND MASS 

During the fifteenth century the elementary principles of balancing 
weights as they had been expounded in the Alexandrian schools became 
known in Italy, especially through a treatise of I^onardo da Yind, who 
described his own experiments on gliders and i hypothetical man-driven 
aeroplane. What proved to be an important bridge between the mechiiiia of 
the old world and modern science was the atension of the Arehimedew 
principle to one of the oldest devices for produdng mechtsdcal advantage^ 
Stevinus of Bruges, a quartermaster m Ac army of Williim of Grange, 
carried out experiments on Ae equilibrium of 1 load haagiag vcrticaUy with 
a load resting on a smooA slope. like Archimedes, Stevinus attempted un¬ 
successfully to improve Ae numeral system of his dme, and like Archimedes 
he was specially interested in Ac meAames of warfare and navigation, lie 
designed “machines” for liMng Ac Dutch fishing boats above high-water 
mark, and was an expert in Ae art of fordficition. 

In: applying Ae priadple of Ae lever to oAer situations, it is ncccmry 
to add a very imporumt qualification, whiA has not been dearly stated 
so far. In all Ae cases we have so far considered, Ae body has moved in Ac 
direction in whiA Aeforce applied acts, eiAerforwards, giving pa^tm work 
which we do ourselves, or backwards, giving m^inm work whiA is done for 
us, For Ae sledge, Aedireclion was horizontal,and Ar Ae leverand compound 
puUeyi vertical, If we roll a truA up several hills, we soon find out Aat more 
work is needed to push it up a steep hill Aan is needed to push it through 
Ae same distance up an easier slope. If we forget about fiictioiml resistance, 
Ae amount of work needed depend only on Ac total gain in k^hi above Ac 
original level. 
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1 liis hiiggcsts the law ol balancing weiglu.s when one (w) hangs verrically, 
and the uthcr {W) rests m a smiMUh slope inclined at a fixed angle (B) to 
the hmizonia!, li the weight iksccnds ilirough a vertical distance I) in 
I'i.!’;, Kitt, the weight W ascauls i hrtjugli the same distance D along Ae inclined 
stiriacc. .Since .sin H ■ h • 1), its^ vertical displacement h « D sin B. If 
we lacasiirc the work ilone wt W in rising through the verdcal distance h 
and the work tlone (y il> in falling through the vertical distance D as we have 
titme ill iite ireatuiciit of the lever and pulley (i.e, by the proditcts of Ae 
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by both weights is Wi -i rcl). Bo if no work is done in shifting them when 
tk weights are balanced 
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Accordmg to this the weight required to balance a 10 lb. load resting on 
an inclined plane of 30", when it hangs vertically is 

10 X sin 30":.--10x0-5 lb. 

|,e, 5 lb. If the angle of the sloping surface is 45“ the weight required is 
10xsin45“.'=::10x0‘707 1b. 

i.e, just over 7 lb. The hypothesis is evidently true at the limits. If the slope 
is 90" the system is equivalent to the simple pulley of Fig. 159, and the 
weight required is 

10 X sin 90" =10 lb. 

The law of the inclined plane raised a distinction which had never been 
clearly disentangled in the mechanics of antiquity. For the ptuiwses of 
metallurgy or merchandise, two weights are equivdent when they balance 
one another on a pair of scales, i.e. when they are in equivalent positrons 
relative to the fulcrum. As far as their pulling power is concerned they arc 
only equivalent when this condition is realized. In speaking of weights, wc 
must therefore distinguish between rnwr—which we “weigh’* on a pair of 
scalcs—and pulling power or force which depends on something else.* The 
mechanics of antiquity stopped short at identifying this smething eke with 
the position in which a body was placed when it balanced another body ai 
mt. This provided a satisfactory explanation of what you need to know in 
designing the best Archimedean catapult. It did not throw any light orr the 
propelling power behind a camion ball, or the pull of the earth’s magnetism 
on the mariner’s compass needle. In Alexandrian mechanics pulling power 
or force always implied some tangible link, a common surface on which two 
weights rested, or a string connecting them. The phenomena of magnetism, 
as set forth in Gilbert’s Ik Maineie (lOOt)}, defied all theaccepted conventions. 
Here was pulling power with no support and no attachment. 

FORCE AND MOTION 

The experiments of Stevinus sugg«tcd the due to a new technique of 
measurement. Besides being able to balance another weight at rest in virtue 
of its mass and position, a weight can also generate motion, as when a load 
attached to a cord wound about the axle of a wheel is allowed to descend. 
We all know that we slide down a slope more quickly if it is steep ; iliat is, 
the weight of our bodies can generate more motion If the angle of descent is 
increased. So, too, the balancing power of a weight also increases if the 
elevation of the slope on which it rests is increased. Hence the prindpk of 
the inclined plane suggests two new possibilities. One is that the pulling 
power of a load in different posMoisr simply depends on the fact that its 
power to generate motion also depends on its position. The ocher is that two 
wei^ts balance when their power to generate motion is equally great and 
is exerdsed in opposite directions. The obstacle to pursuing this plausible 
due in the sixteenth century was the fact that no one had yet attempted to 
measure the way in which things fall, According to the Aristotelian world 
V Seealsop,». 
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outlook, rest was the rule and motion an exceptional state of affairs. The 
alternative viw that rest is only motion at a deadlock had litde to commend 
it in the ancient world. Before the introduction of gunpowder there was no 
pressing sijdal necessity to compel anyone to make exact measurements of 
the rates at which bodies fall. 

Indeed, it is not likely that Aristotle’s doctrine would have been contested, 
if range-finding had not come to the aid of curiosity in an age when the fate of 
a new civilization depended on a new technique of war, Aristotle had taught 
that a “Iwiy is heavier than another which in an equal bulk moves downward 
more quickly,” The belief that the vertical motion of a body is proportional 
to its density (mass per unit volume) is not intrinsically unlikely. Our common 
experience of falling objects seems to confirm it. We can see leaves falling 
from a tree, or a cup falling when it leaves our hand, but we cannot see a 
cannon ball in its course. We have blown up paper bags or toy balloons as 
children, and Madders inflated with air were part of the medieval jester’s 
equipment. The behaviour of all these familiar objects seems to agree with 
Aristotle’s teaching, and the simple discovery wliich enabled Galileo to lay 
the foundations of scientific artillery therefore ranks as one of the most 
daring achievements in science, 

Apart from the last passage cited, Aristotle had not committed himself 
to imy very definite statement about the way in which things fall. His dis- 
cuisioR of physical problems, like his political philosophy, is mainly con¬ 
cerned with justifying, defending, and making a lawyer’s case in favour of, 
the world as it is, In his doctrine of the state every individual had a fixed 
sodtt class which was right and proper in the nature of things. In his natural 
phtophy every initcrial object also had its proper place; and if it got out of 
its proper pkc, nature personied as the strong amt of the law put it back 
soonor or later. Unhappily for his mflucnce as a philosopher Aristotle com¬ 
mitted himself to one assertion which is eay to test by dropping a cannon 
bail and a croquet ball of the same size from the top of a building. Although 
it is obviously true tliat wrae very light tilings like toy balloons and some 
objects with a large surface relative to bulk, like feathers, leaves, or wood 
cut in fine shavings, do fall more slowly than cannon balls, it Is also true 
that most compact objects fall from the same height in approximately the 
same rime. That this is m within wide limits of relative heaviness was the 
surprising sew truth which Galileo established, 

Mach says that Galileo’s outlook was essentially modern, because he 
asked km things fall instead of why they fall. There is nodiing specifically 
modem in this except in so far as the ceremonial and priestly outlook is 
losing ground, while the attitude of the artisan exercises an increasing influ¬ 
ence on our wall culture. Galileo was modem only because he was work- 
miuEc. The hlstorj' of sdcnce has ken a long struggle between_the same 
two conflicting incHnatkms. Priestly and ceremonial speculation is content 
to refte on the world, or attempts to propitiate an unseen supposititious 
purpose in tlunp pwsonified explicitly as deities or implicitly k the “explana¬ 
tions” of the uttoicial theologians who teach philosophy. If you follow to 
ill kgical condusion Aristotle’s doctrine that everything has a place to which 
it belongs you md in an act of special creation. Any question which begins 
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with why leads you back to an. assumed design by an imlividual \yho cannot 
be identified but may possibly be bribed, 'ihe artisan or technician boks 
at t h in g s as they arej and'finds out how they can be changed m accordiusu'! 
with human needs. The influence of their world view exp.ands as the satis¬ 
faction of man’s common needs becomes the common business ot mankimi. 
A workmanlike or truly scientific apknatm gives you a recipe lor doing 
something. The distinction between a real or scientific aplanatiwi and .1 
philosophical one is easier to see nowadays because few people believe tlmt 
prayer can control racteorologiafl events. So long as they did, telcoiogital 

“explanations” were intelligible. 

A cannon ball or a croquet ball dropped from the top of a tlncc-story 
building, say 86 feet high, reaches the ground in about a second tmd a hull. 
Even from the top of the highest New York skyscraper the drop wmiki l>c 
over inside nine seconds. It goes without saying that direct mc.isiuciutsn 
of how bodies fall vertically cannot be precise, unless diere imi very gtuid 
recording instruments to use. Stop-watches, electric signals, meirononus, 
kymographs (Fig. 196 ), had not been inventetl in Galileo’s day. He had m 
tackle tlie problem by an indirect method which involved two kinds 
measurement. He first established a simple rule connecting the distance {d) 
traversed and the time (t) of the descent ol a ball (sec Mgs, 161 and HI-!.} 
on a smooth gende-sloping surface. Then he sought for a rule connectiuK 
the time taken to ttaverse a given distance with the angle at which the surlacc 
is tilted. The hmiting angle is when the ball falls vertically. 

The time taken for a ball to descend from ttrent levels on a gently 
indiued surface is not difficult to measure. Having no stop-watch, tialileo 
let water drip steadily into a vessel during the interval occupied by the descent, 
and weighed the water to get an estimate of the time. A table of results 
obtained in an experiment of this kind discloses a simple numerical rule 
which is at once recognized when a graph of the distances traversed ami 
time taken is plotted, The pph answers to the tcxtlwk pariboh y 
and an examination of the figures shows that the ratio of the distance traversed 
to the square of the time taken is feed, i.e. 

I = or d kK 

If we now look at the motion of the ball from a different point of view, 
there is more in this than meets the eye at a first glance. Oaliki did so. Ilu 
introduced what is now a familiar but was then an entirdy novel criterion of 
motion. Grade estimates of speed (or wMiy m we shall now say when 
speaking of motion in a particular direction along a sfmf/if course) had 
probably been made from the first experlcno! of travel, route mtrdies, and 
public games, Hitherto there had been no occasion to measure how motin« 
grows, Galileo adopted the modem measure of omlmlm or m’locHy gamd 
in unit time. There is no longer an unusual flavour in the word, though we 
Shan see later that it is used loosely in cvetyday Sfmi ami that the tcritiii 
speed and velocity, used interchangeably when we are dacribing ffiotkuj 
in a straight path> havc to be restricicil when wc are describing motion 


round a bend. For tlic present we need only concern ourselves with the 
ordinary use of the temi. If the speedometer reading of a car increases 
steadily during 10 seconds of a straight course from 80 miles per hour 
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Mo. Ifil.-A .Smooth hAU, Runhino Down a Vbry Smooth Swra at 30'' 
Unoir Gravitv 

If acceferatiwi h coaMant, the flccclcration lailailatd from the formula d - iaf* 
will be the mm whether the dittance (tf) fallen i« large or amall, The figures in the 
horiwflta} row give tlie mini intcrvul of time from rlic start at each lO-foot stage 
in a BO-ftioi fowney, The results tabulated as follows give a numeriail illustration 
af the reiioaiai in tlie test. The velocity gained per second, l.e. tk occdmtmi 
at diffeitnt stairs in tfic descent is given to the nearest unit, and does not vary 
caalstently in either ditcakin from an appreximately constant fipre of 1(1. 
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If the reading falls ftom 46 to 30 miles per hour^ it has lost 2-2 feet per 
second in one second. Its mean acceleration is — 3'2 feet per second per 
second.* 

If a thing moves with a changing velocity, its mean velocity is the fixed 
velocity at which it would have to move in order to cover the same distance 
(d)in the same time (i). Thus its mean velocity is d t- /. If it gains the same 
velocity in equal intervals of time, this is half the sum of its initial and final 
velocities. So if it starts from rest (i.e. zero velocity) and has reached a 
velocity v at the end of t seconds, this is |(0 + so) = | w. 

. ^ 1 

•• 7 =*' 

2d 

•■•^ = 7 

HR. 



The final velocity v is then the velocity it has gained in the time t. Since its 
acceleration (a) is the velocity gained in one second, 


If it moves from rest with a constant acceleration, the ratio of the distance to 
the square of the time taken is therefore fixed. Galileo’s experiments showed 
that when a ball rolls down a smooth slope, the distance traversed bears a 
fixed ratio to the square of the time occupied by the descent, They therefore 
showed that the ball rolls down the slope with a constant acceleration, 

So long as the slope is the same, this is true within wide limits for the 
acceleration of balls of different weights and densities. The next rtiin g is to 

* “Per second per second” is often written “per sec.*”„ ' 
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find how the slope, i.e. the angle b which the surface makes with the hori¬ 
zontal, affects the acceleration. Tliis is done by varying the slope and 
measuring the time taken to traverse a fixed distance. We get a clue to the 
kind of relation which exists from the fact that a body moves most quickly 
when it falls straight down (i.e. b = 90°), and remains still when the surface 
is quite flat (i.e. b = 0°). So the acceleration depends on something about 
an angle which is greatest when the angle is 90°, and is zero when the angle 
itself is zero. This is true of the sine of an angle, and experiment shows that 
the acceleration is directly proportional to the sine of the angle of slope, i.e. 

a oc sin J 

or putting it in the form of an equation, in which ^ is a constant 
a-gsmb 

Experiment shows that if the slope is 30° the acceleration is approximately 
16 feet per second per second, i.e. the velocity along the slope increases 
every second by 16 feet per second. So 

16 = ^ sin 30° 
ig = 32 (approximately) 

Since sin 45° = 0-707, if the slope were 45°, the acceleration would be 
32 X 0-707 = 22 ■ 6 feet per second per second. 

If the angle b is 90° the body falls vertically (Fig. 163), and since sin 90° =1 
a = g 

i.e. g is the acceleration with which a heavy body falls vertically. Galileo 
showed this was so by finding the time taken by heavy objects to fall from 
the top of a tower to test the rule in the limiting case. The acceleration can 
be found as before by using the rule 


2d 



So if the rule holds good, when d is the vertical height of the tower, and t 
the time between dropping the body and seeing it strike the ground, 


2d 



Thus a pebble dr opped from the top of a lighthouse 100 feet high would 
strike the water VlOO-r 16 = seconds later. ■ 

In this way Galileo established two conclusions which Newton used in his 
thepry of universal gravitation, The first, called the law of terrestrial gravita¬ 
tion, is that when bodies fall vertically (i.e. along the plumb line which points 
towards the centre of the earth) they move with a constant acceleration. Near 
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Ae earth’s surface this is approximately 32 feet per sea In air it is ^inde¬ 
pendent of mass or density within wide limits, The second condusiDn is that 



Fig, 103.—Motion Down an iNama) riANii 


'The law of Motion is: 


Acceleration (A) along slope 
Acc8lewtic®'"(a) of free vcrdcal fell 
of rest (Fig. 160) is: 


Vertically suspended mass j m) ^ ^ 

Balanced masron slope (M)*' 

Hence 

A w tM , 

MA w «« , ; 

or, in this case, MA «Ills'. 

Thus the pulling powers exerted by two masses in different situitions m eata) wiito 
the product of one mass and the acceleration with which it wuld move if not con¬ 
strained by tlie second is the same as die product of the secfflad musi iod th« leoelei*- 
don with which it would move if it were not posed 8|aimt the first. 


the law of equilifaiium of solid bodies at rest is only another way of stating 
the same law of motion, The mechanics of antiquity had shown that equili¬ 
brium of solid bodies at rest involves (p. 250) position as wed as mu®. The 
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inclined plane suggested that this might be due to the fact that in different 
positions heavy bodies do not always have the same power to generate motion, 
(lalileo’s experiments show us how the position of a body affects its motion, 
when it is displaced. The law which describes how weights balance one 
another when one of mass M rests on a smootli slope at an inclination h to 
the ground level, and the other of mass m hangs vertically, may be written 

m . . 

'fhe law of motion down a smooth slope is 

a , . 

S 

(lomparing both, we see that 

m a 

mg « Ma 

Thus our first suspicion is correct, Two loads balance on a smooth flat 
slope when the pnduct of the mass of one and die motion it would generate 
if relmed is the sime as die product of the mass of the other and the motion 
it would generate if released, In other words, they remain at rest hmuse 
ihdr pmm to gemate motion is s^ud and opposite. Hence the mass-accelera- 
don product is a way of measuring the pulling power (I^ of a load, i.e. 
F ■« sn, a. If one body is falling with a smaller acceleration than another 
it has less effective puHing power, unless its mass is proportionately larger* 
To hold a greater miss of one demands 1 greater mobility of the other. 
Thus a force has two aspects, one aemkatm which mMsures the mbility 
of an object, the other mm wMch measures its sluggishness or itwrik 

To measure forai by the mass-acceleration product we have now to 
agree about the measurement of mass and of aedcradon. When the unit of 
mass Is 1 Ib, the unit of distance 1 foot, and the unit of time 1 second, the 
unit of force is called the pomdd) i.e. one poundal is the force required to 
impart an accdcration of 1 foot per second per second to a mass of 1 lb. 
The force aimed by a 1 lb. “wcight’Vfalling under pvity or the force 
required to prevent a pound “weight” from falling under pvlty near the 
eaj^’s surfro! is approximately 32 pemdak Since | « 32 (approrimately), 
m lb. when mg I. Hence one poundal is the pulling power of a 
half ounce w(%ht when suspoided in a vcrdcal position. It is therefore the 
pulling powa: of a spring bitoce when the settle rcadiEg is I oz. 

In die intenadomd metric sysnsm based on die reports originally drawn 
up by the French Academy for the National Assembly of the French Revolu- 
doa, die units of itws and Icngdi are lespecdvedy the gram and the metre, 
The former is convtffliendy chosen as the mass of 1 cubic centimetre of 
water at 4* C, (i.c. die density of water in graim per c.c. is 1 at this tem- 
petataie, when its density is greatest). The unit of force, the dyne, is the 
puHing j^weaf which can make 1 gram move with an acceleration of 1 cm, per 
second per second, Since I British foot«30-48 cm., and 1 British pound 
. ■■ ■ ' . I . . 
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= 463'6 grams, 1 pounclal is equivalent to 30*48 x 463*0 13,82(1 dynes. 

Since 32 feet 976 cm., 1 gram hanging vertically exerts a pull of 976 dynes, 
and 1 lb. exerts a pull of 976 X 463*« = 4^12,2tR) dynes at a place where the 
value of g is exactly 32 feet per second per second, We shall see later that die 
value of g is generally a little larger than 32 feet per second per second, and 
also varies a little with latitude and altitude, being at sea-Ievd 32*09 feet or 
978 cm, per second per second on the equator and 32*2(1 feet or l)H3 cm. 
per second per second at the North Pole. Fifteen miles above sca-levd at the 
equator, it is about 30■ 9 feet or 941 cm. per second per second. _ 

Before we go on, four simple rules which connect time, distance in a 
straight path, velocity, and acceleration when the acceleration is constant, 
should be committed to memory, so tliat you reengnw them at once, when 
you come across them in what follows. They arc as follows: _ 

(1) If an object moves through a distance d in a time t with a velocity v, 
since v-d~- 4 

d Vi 

(2) If an object is moving with a velocity % at the beginning of m intmaJ 
of time t and is moving with a velocity % it the end of it, it# m«a velocity, 
which is the velocity with which it is moving hilf“way dirougb the time 
interval, is |{vb + t'i)) and the distance traversed in the intern! f is the tame 
as if it moved at its mean velocity throughout the whole of it, i.e. 

d'-^-^livu + vt)t 

(8) If an object gains a velocity a feet per second In each second, a is its 
acceleration; and it will have increased its vdodQ' by &i in ( sea»ds. If its 
velocity was v„. at the faeginnmg of the interval t its veWty at tibc cmd of it 
will be Vg + at, so that its mean velocity is-f ( 0 # + at)] »* -f |a4 
and die distance moved during the interval by rule (2) is + ItrOt. If die 
object starts from rest, so that Ofl« 0, 

d = {tit a 2i'T f) 

(4) The fourth rule wMdi has nm been used so far is fllustan^ In R 184 
and explained in the legend. If an object moves with a vdodty »and an 
acceleration a along a line (AC in the figure) indlaed at an angle & to 1 scomd 
line (AB), an observer, who keeps his eye at right anglet to Ae second line,, 
watcliing its progress ^ong Ac latter wll see it move wl A t vdodry ttmh 
and an acceleration a cosIf a® is the acederstion rdetne^ to'i Ihse inclined 
at ho the paA along winch an object move# wiA iccetastira «, 

a^Bsumh 

The first, third, and fourA should be memorised and tested wiA the aid of 
numerical illustrations and scale Aagrams like Fig. 164. The velediy Armulae 
should be tested from Ae numeric^ data in the boat diagtam of Fig. 167, 

The last rule throws a new Hght on Ae meaiureracat of force if we put 
it A a more aedve form. The same source of motive pow« which prop^ i 
body wiA an acceleration a m one line gives it an acatodon a mb akmi 
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Thsir ObsmxT 
along h acbutpih,lC \ 



uviivW if nlonq 


Fio. t 64 .--l'mANCiu or Vmmm and Accemations 

Thli jOJustraies the rule that if a body moviKt with a velocity v or an aweleratioa a 
skmi a ttraight pth. it# velucitv vt and it# aa:cleratioa along a Une of reference 
iaclJised at an mik 0 to the path m be found by \uing die formulae! 

vu.^vemb 

sgfK.amb 

Tbt obleci shown mm from rest at A with an acceleration a A«e 26) feet pr 
lecond per second for r (here 2) aecouda along AC, Its motion tefemd to Ac me 
AB ii iti motiem u h would be seen by an observer looking along a line at afliles 
to AB It eadi stage in Its course, This would be cqulvdeni to watAing »shadow 
l^ected on a laromd glass screen at AB wlA a beam at right angka to Ae soeen, 
Tm» AB, AC, and Ac observer’s sight line form a sutxcssion of ript-snsW ttianglai 
k whicb CO# 6» AB + AC. Its aacleration along AC is 2AC t t\ and its ac«»totion 
(%) along AB li 2AB -r i». Hence e, -f « »(2AB -b 0) -f (2AC 4- f*) • AB r AC 
w OM 6. At Ac eind of r seconds Its velocity (o) along AC is at and its velocity (%) 
akauf AB is <i«r. thmee %-rv»a®4u«>cc#6. Along the line at right angles to 
AE^U BCl hjclijaycd at 10* - It to AC Ae accclcmtion (««) is«cos (9(f - 6)« a sA b, 
tad rfmtisarw % *• 0 dn b. In Ae figure Ae rado of Ac sides of Ae akn|lc k 8:4 1 8, 
iQAfttcoicwO*landiA6«» 0*8. The figure ii is appreolmate A Ae diagram, 
Mfiwtwtiyitk V£ 
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a line inclined at b to the other. If a body falls freely under gravity with an 
acceleration a, its acceleration relative to a slope at b to its vertical line of 
fall (or c = (90® - h) to the ground) is g cos b oi g 5k c (since sin (90® — b) 
— cos b), So its acceleration when moving down a smooth slope is the accelera- 
tion referred to the same line of motion by the same motive power which 



Fig. 16S,““Motion Down the Inclined Plane as Free Vertical Motion Resolved 
Along the Plane 

When a body falls vertically through a distance d (~ jit‘) its acceleration (g) under 
gravity is 2d -f An observer (0) watching its progress along a line inclmed at'6 
to the vertical (or c = 90° - & to the ground) would see it move through * = d cos 6 
with an acceleration 2x v t‘ = gcos 6 or g sin c. This is the value to which actual 
acceleration down the slope approximates when friction is negligible, and hence its 
acceleration down the slope is equivalent to its acceleration when falling vertically 
resolved along its path, 

imparts an acceleration g in the vertical direction. The law of terrestrial 
gravitation may therefore be put in another way by saying that the mobility 
of fa llin g bodies can be attributed to the same motive power which pulls 
them in the same- line of action with a force proportional to their masses. 
Thus the force of gravity acting on a weight of M lb. is 32M poundals, and 

M. li 
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a force of 1 lb. weight, i.e, the force with which a pound weight is pulled 
earthward, when it hangs from a spring balance, is 32 poundals. 

The view to wMch Galileo’s experiments led ierefore reduced Aristotle’s 
logic to an absurdity, If the same motive power pulls all material bodies near 
the earth’s surface in the direction of the plumb line, i.e. towards the earth's 
centre,^ the place to which all bodies “belong” is the centre of the earth. It 
is difficult to see how there can be enough room for them. Consequently 
there is no intelligible meaning in the question, where does a body “belong”? 
The only question for which we can hope to find an answer is: how do 
bodies actually behave? This we can only discover by observing them, 
making theories about how one observation is connected with another, and 
then testing them to see whether they are right 

THE PATH OF THE CANNON BALI 

Artillery was at first used more to destroy the enemy’s morale rfian for 
the material destruction it produced. To be effective in the latter sense it was 
necessary to know how to hit the objective. Accuracy of aim demanded a 
theoretical basis. Galileo’s law of falling bodies provided it with one. A 
cannon ball when fired into the air has two movements. One results from 
the explosion, giving it an initial velocity in a certain direction depending 
on the angle which the muzzle makes with the horizon. The other movement 
is due to the fact that gravitation is pulling the projectile vertically down¬ 
wards, so that it tends to gather velocity towards the earth. The result is 
that it travels along a curved path. The theory of the pendulum clock, and 
with it that of the earth’s orbital motion, depends upon understanding how 
movement in one direction can be represented as the result of movement in 
two other directions. 

It is so natural to split a complicated form of movement into simpler 
components that you may not have realized that we have done so already. 
The description of the sun’s apparent course in the heavens as a diurnal 
rotation in a plane parallel to ffie equinoctial and an annual retreat in the 
ecliptic is a purely arbitrary trick to assist us (Fig. 166) in following its 
continuous apparent track tkough a closely wound closed spiral. The same 
trick was suggested by the practice of navigation in another way. To reach 
a destination when rowing or sailing in a steady current, you have to keep 
the boat’s prow tilted away from the direct line of approach in the direction 
opposite to the current (Fig, 164). The velocity of currents is easy to measure 
by the progress of corks floating away from a vessel at anchor, and experience 
gives you a fairly good estimate of your average working velocity when rowing 
in still water. 

To find your progress along the actual line of approach you have only 
to day off the distance (AB) a cork would drift with the current, and the 
distance (BC) you would move in still water during the same interval of time 
along the direction of the boat’s axis, these two lines form the sides of a 
triangle of which the third (AC) is the distance covered in the same time along 
the actual path of motion, or, what comes to the same thing, the two adjacent 
sides of a parallelogram whose diagonal through A gives the distance of the 
actual path. If the interval of time is one unit, and the velocity is fixed, the 
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component and resultant distances arc numerically the same as the correspond¬ 
ing velocities. The same constniction holds for accelerations. Since 
d- = |a when i- 1, i.e. one unit of time after the motion starts, 
accelerations are directly proportional to distances traversed in equivalent 
time intervds from rest. 

In dealing with several simultaneous movements it is much better to 


7luuualv,!;fKc'rcnl*‘ 
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The sun’s apparent motion in the celestial sphere is continuous, 'rhough wc tod H 
coflv^ent to think of it as two separate motions, a diurnal rotamm wettwds over 
me hoiiam, and ms annml retreat eastwards, a quid motion ptae w«iW: it 

as movement in a closed spiral with 385 turns. A closed spfati of five tunss ii here 
shown to simplify the issue, The figure would represent a cominuoui tableau of the 
ten’s apparent motion through a year, if the earth took 73 of our days to compw* a 
single revolution alwul im 111. 

follow the MUlical pkn by keeping a separate bikacc sheet of ostwtrd 
(positive), w^tward (negative), or northward (positive), southward (n^tivt), 
bearings, as expMnd in Figs. 168 tnd 169. The map method is laiy, as it 
is historically, the same tiring as the graphical metW a 

movoneat, i.e. so many jj-mewurancats and so rnaay simultiwmi 
measatements. M you have to do is to add up stii the (»t-wcit b«tfop 
or x-measurcment3 and all the north-south bearings ory^'melWtlI«»esa to 
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Bridal 

II CJ ,, 



I'lO. 167.—DlSSECnON OF COMPtEX Movemiot 
During an intcml 1 (here 3 A seconds) the boat moves with a fixed velocity 12 miles 
Mr hour (17? feet per second) through a disiiince 60 feet along a straight canal, wliile 
the mw moves straight across the deck M feet wide with a Iked velocity of 3 mile.s per 
hour (4? feet per second). Relative to an observer at right angles to the line AC the 
appears to pursue u steady path with a velocity 0 ■ AC -r (, Since AC = 
CD’ + AD* 

So if we call the man's velocity relative to the bridge % « CD v t, and his velocity 
rciativc to the bank vx » AD t 


His rmlimt velocity akmg the actual path which he pursues in space (shown in an 
rif phowpaph with the boat blacked out) is therefore Vy -pili, or approximately 
12i nrilcs per hour. Since tan 6 « CD -f AD « 3 - 12 or 0'26, the inclination of his 
path to the bank is the angle whose tangent is 0*26, approxiraately 14® from tables of 
tangents. Knowing the angle we could deduce his velocity rciativc to the bank (boat’s 
motfon) and to ilie bridge (hk own) from the cinema record taken from the air, from 
the &a that be moves through CD relative to the bridge and AD relative to the bank 
duiiM the time taken to move AC with his resultant velocity v, Since cos 6« AD 
•b AC «(AO T f) i (AC V t),(»s 6 iw ««i|v oandvj« vco8&. Sinulady vy - vakl>. 
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DimocM mvamed in the same time and hence velodti^ or accelerations can be added 
ctr fubtmcmd tecoiding to direction. In the figure the resultant motion of the man 
ntiitive to the bank is 4 “■ 2ji - 3 * ~ 1| miles per hour using the positive sign 











Q?the resultant of several independent motions, we nuh use of the fact tf«n motions 
alone the same straight line are additive with due rciard to sign. Each component 

I ♦ .i ... _ifi. *xtM\ nk> n'rttYtAtt tiUji flm ini*>inn!ri*rfif*rttfiI 
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Fio. nO.-DstCENT OP A Mail Bag prom an Aeroplane Cruising at 
Piffl Hour AT A Height op (140 Feet Above Ground 
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Wlien the mail bag reaches the ground^ » 0 and so 



s: ?? V2/j V g 


Time I S '3 -4 s 6 

(/.TO!,) , , 


Heiqltb ao 12,8 144 ISB so 0 

fimt) 



distmicc....64 urn iQ'i :i;ju 320 




Fio. i7i.-~GAULfco’s Cannon Bah Pkobum 
T his is calculated for a jrmrale velocity of U8 feet per second at an ekvatJoa of fiSf. 

The numerical dimensions of the figure conespond to the course of a maitt 
bag dropped from an aeroplane cruising fl40 feet atxjvc ground at 60 miks pes 
hour (ilH feet per second). Hence the horizontal distance which it travda 
before it reaches the ground is 

• „ - 88Vij805'¥*6Mfeet(approxi^ 


That is to say, the big must be dropped when ihe aeropkae has trill to tttrol 
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666 feet before it is directly above the place of delivery. The points on the 
curve ate plotted from the equation, which corresponds to pan of a parabola, 
The cannon ball problem which Galileo tackled is identical with that in 
which the aeroplane is rising steadily as it drops the bag. If the ball leaves 
the gun with a velocity v at an angle a, it would move through a distance 
d — vt reaching P in t seconds, if gravity did not pull it earthward, It would 
then be h feet above ground, instead of y the height to which it has fallen 
meanwhile. The height through which it Ms in t seconds is therefore A y, 
and 

'The figure shows tliat 

h = d sin a 
■= pt sin a 

y = tii! sin a -- yf 

The homontal displacement along die x axis during the first i! seainds is 
X ™ of cos fl, so that t X 0 cos a, If we put this for / in the last expres¬ 
sion for y, 

X sin a 

cos a cos'^ 61 
When the ball reaches the ground y --ss 0, so that 

2o®smuco8a 

Since sin 2(3« S sin u cos«: 

# sin 2a 
-— 

s 

This gives the range of the annon ball, To get the maximum height, sub¬ 
stitute half this value of x in the origiaal formula for y. 

In applying the kw of terrestrial gravitation to the range of the ctimou 
ball, Galileo was the first to use the principle of inertia. The obvious limiii- 
dons of this kw did not escape his attention and his confidence in applying 
it was baaed on simple considerarioiM. Since wood shavings fall slowly, while 
a wooden, ball falls fiom the same height in approximately the same time as 
n cannon bah, we can conclude that air resistance does not make much 
differtnee to the movement of compact solid bodies. Newton showed that a 
coin and a feather keep pace in a long cylinder ftom which all the air has been 
pumped out, when the cylinder is turned upside down. He thus conduded 
that the presence of air k the only drcumstance which IMts ±e rule that all 
bodies M to earth with the same acceleration. That air iisclf is pulled earth¬ 
ward la shown by the very existence of the atmosphere, and we see later 
(Chapter VIH) that the behaviour of balloons is no exception to the more 
general kw that all matter fiilhi earthward with the same acceleration at the 
mm place in a vaamm. We now know that air friction increases enormously 
at very high speeds. So it cannot be neglected in the practice of modern 
artaicfy. Calcuktions which gave a tolerable precision when applied to the 
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slow-moving short-range projectiles of Galileo’s time would lead to grossly 
inaccurate conclusions about the shells used in warfare today. When Big 
Bertha shelled Paris at a distance of 76 miles with shells rising to a height of 
24 miles and a muzzle velocity of 1 mile a second, its actual range and tlie 
height of projection were just less than half the figures calculated by the 
method shown in Fig. 171. , 

Apart from the big resistance of the air when modern projectiles are fired 
at very high speeds, the method Galileo used would not be correct for another 
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Fig. 172.— Air Friction and Range of Projectile 
Neglecting air resistance and gravity the projectile would reach Q in f seconds travelling 

^Negledng*ak rTsismce^oSy the distance travelled before hitting the ground is 
given by 


ti^ sin 2a 
g 


(see p. 267) 


This calculation would be strictly true in a vacuum, where there is no air resistam. 
In real life there is considerable ftiction in the passage of the projectile througn tae 
air. Experiment shows that the frictional resistance of the m mcreases with the 
velocity of projection, and is small at low speeds. Hence the fomula gives a tely 
good rough estimate for a slow cannon ball like those used m the me of Gahleo. 
It is grossly inaccurate for modem artillery which can project shells like those of M 
Bertha at 1 mile a second. Big Bertha shelled Paris 76 miles away at an angle of SSJ. 
Neglecting air resistance the shells would have fallen at twice this distance^ ix. (since 
lmile = 6,280 feet). 

(S,280)>sm lll*| gg,, _ B’oRn ^ sin 69“ feet = 166 X 0-934 miles «= 164 miles. 
32 

Its Tn^ivimai height of 24 Hiiles was lcss than half the height 66 miles given by the 
graph of X and y. ’ 


reason. Over a short range we can regard the earth as flat, the direction of 
the plumb line as everywhere parallel, and the value of as fixed. We shall 
sec later that ^ falls off quite appreciably at a high altitude, and the angle 
of the plumb line rotates through a degree in a 70-mjle range. So it would be 
' more correct to reckon the acceleration of the shell at each stage of a long 
course as if it were directed towards the centre of the earth, and we should 
have to make allowance for the fact that its numerical value as well as it$ 
direction changes during the shell’s journey. 
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When anything moves in a curved path, like a cannon ball, we can often 
look on its motion as if it were made up of a fixed velocity along one line 
and an acceleration directed to some fixed point. If it moves with a jfixed 
speed in a complete circle, it has an acceleration towards the centre. When 
we make a stone swing in a circle at the end of a string, the latter exerts a 
pull on the fingers, or, to put it in another way, the fingers exert a pull on the 
stone to keep it from flying off at a tangent. Since pulling power implies 
acceleration, there is a continuous acceleration of the stone to the centre. 
At first sight this may seem to be a paradox because the stone keeps the 
same distance from the centre throughout its journey. The paradox dis¬ 
appears when you recollect what it would do, if the string were cut. It would 
fly off at a tangent. The very fact that it keeps a fixed distance from the centre 
implies that at each stage in its journey it is falling in towards the centre 
from the path it would Mow if no string were pulling on it. Like the long- 
range projectile fired horizontally from a high mountain it has two motions, its 
own inertia which drives it along the tangent to the circle, and an acceleration 
towards a centre. When its implications were fully unteood, this novel 
aspect of motion in a circle revolutionized the technology of clock-making, 
and the theory of planetary orbits. 

CENTRIFUGAL MOTION 

Before any substantial progress could be made in the theoretical desip 
of seaworthy clocks it was necessary to understand rotary motion. The 
problem of range-finding is to reconstruct the curved path of the cannon 
ball from the circumstances of its motion. Rotary motion sets us the converse 
problem of reconstructing the central acceleration of a moving body whose 
path is known. If we could make a film of the path of a mail bag dropped' 
from an aeroplane flying at a known horizontal speed we could calculate g 
from the graph. When we rotate a stone in a circle at fixed speed we know the 
path, and the calculation is comparatively simple. 

The chief thing which is likely to cause difficulty is that the word accelera¬ 
tion is now used in everyday speech for increasing (or decreasing) the speedo¬ 
meter reading without regard to the course itself. As long as the comse is a 
straight ovit the car driver’s acceleration is the same as Galileo’s. This is not so 
when thC: car is turning a bend. If Galileo’s acceleration merely meant change 
in the reading of a speedometer, no pull would be needed to change the direc¬ 
tion of a car which kept a fixed speedometer reading while mming a bend. 
Acceleration as a measure of pulling power is not necessarily the same as 
change in speedometer reading. It is based on stop-watch readings like those 
of speed-cops watching the car as it passes two feed points at the ends of a 
surveyor’s chain. This comes to the same thing if the car’s course is a straight 
one parallel to the chain. 

When we have to deal with motion in a curved path, the ordinary meamnp 
of the words speed, velocity, and acceleration, as they are used loosely in 
everyday life, have to be modified to take account of the principle of inertia. 
A weight can be applied to affect the motion of an object in either (or both) 
of two ways. One is to change its speed along its own straight path, ^en this 
is so, the w/o# of the moving object is numerically the same thing as its 
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speed, and the acceleration imparted to it merely signifies increase or decrease 
of speed in one direction or its opposite, as in the everyday use of the words. 
A weight can also deflect the straight line motion of an object from die direc¬ 
tion in which it is moving, So, if pulling power depends on the acceleration it 
can impart, acceleration must be measured so that it implies ch^e^ of directim 
as well as change of speed. This can be done without sacrificing its ordinary 
meaning as applied to motion in a straight line, like motion down a flat slope 
or vertical motion under gravity. To make it measure change in direction as 
well as change in speed (actual distance traversed in one second), is not 
difikult if we recall how we measure direction when we have to be precise 
about it. 

To measure die direction in which a body is moving we have to select 
some fixed line or plane of reference, (kmnionly we choose the N-S meridian 
or die line joining the east and west points on the horizon, when we are 
speaking of terrestrial motion like that of a ship. We use the meridian and 
the plumb line when we are talking of celestial motions like that of the 
sun. We measure the direction of a movement by the angle which the fixed 
line or plane of reference makes with the path of the moving body at any 
instant if its path is straight, or with the tangent to it if it is turning a 
comer. The distance which a moving object traverses in a given time depends 
on the direction/mw which we are looking ai it If we call its progress measured 
along a line at right angles to the direction in which a person is looking 
at it, its motion nl&im io the okm, its movement relative to observers 
looking at it from diflerent aspects will generally be different, In what follows, 
we shall assume that the observer is a long way off. The “lines of sight” are 
then parallel for the same person, 

The observer who watches the progress of the car in Fig. 173 by the 
telegraph poles along the road AC, which is its actual path of motion, sees it 
pass five gaps. During the same time an observer witching it pass the mlc- 
graph poles on die mad BC secs it pass only three of the ppa between the 
poles at the side of die latter. A third observer counting the telegraph poles 
along die road AB as it passes diem, sees it pass four gaps. Relative to the 
three observers the distancM covered during the same time are in the ratio 
g: 3:4. If one gap is the unit of distance, the first of these is the speedo¬ 
meter reading, i.e. its r/jcaf in the ordinary sense, which signifiw acM 
dutm&travmed by the ear in mit time. Speed, then, Is disimcc covered in 
unit time relative to an observer looking along the line at right angles to th« 
actual path* If the patli itself is curved, the observer cm only do ao by 
changing ius point of view, So speed, as the term Is ordinarfly used, does not 
imply motion relative to t fixed otoir, l.e. to an observer watdhini it with 
reference to the same fisd line. 

In everyday speech we draw no distinction between speed and 
we limit the use of the word velocity to the mcasuretocnt of motion relative to a 
observer, there is no dilficul^ in adapting our definition of accetociots 
as increase (positive sign) or decrease (negative sign) of velocity in unit toe 
to the measurement of a pull when it only affects the dkectm without chmg^ni 
the speed with which an object is moving. As long as a body moves In a 
straight line the actual speed or distame traversed in unit toe is atmieric«% 
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the same as its velocity relative to an observer looking along a line at right 
angles to its path, i.e, its displacement in unit time along the line of reference, 
Its acceleration is thereibre numerically the same as the rate at which its 
speed is changing. On the other hand, an object moving with a fixed speed 
round a corner cannot move through equal distances, measured parallel to 
the same straight line, in equivalent intervals of time. So it cannot have 
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Fcff re#s<Kii stated In the text, tlie observers stand at a distance much greater than 
tam be shown in a diagram. 


a comtsmt iMty relative to any fixed observer. A car (Fig. 174) which 
pam the milestofliM on a circulai' by-pass in equal intervals of time would 
give a conaisut speedometer reading, while its progress relative to the 
mileatoes on the main toad would exhibit a continual decrease. So if a 
body moves in a curve at fixed speed, or in other words if it is changing 
its ditectioa without dtaapig its speed, it will have an acceleration relative 
to say feted observer. The driver of the car in Fig. 174 might regulate bis 
ipjtod *0 that he always appeared to pass the milestones along the raapi 


road in the same interval of time. Although he would then have no accelera¬ 
tion with reference to the main road, he would still have ^ an acceleration 
(cf, Fig. 175 ) with reference to a road at right angles to it. Thus change ot 
speed or change of direction always involves acceleration ol motion (jtositivc 

or negative) relative to some fixed observer. _ 

At every point in its course a weight moving at fixed s^eed in a circle 
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The car passes the A, H, C, etc.i on the hy-jw in 

Hence iti speedometer reading ducti iiw diatigc. Its nwt«>« rebtive to imy fated stmiht 
iKSU clMBina. iHtr iuMimce. rdaove to tte n« Stl.C.SS 
the disance d while it moves on its own path tlirtniKl' AlMnd while it isttiw w 8ti» 
time to move from F m Ci it only {reverse# i relative tw die JJlf £ 

velodtv deertises as it appears to move away tionnlie at^s rraid whieh foncni tte 
centre of the««. if it moved in the opfHisitc ditcaion,««ycltx'ity would appear to 
inercttsc, It li.'i a negative accckratiofl along the dimeier to its pih a» h moves nimy 
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-Changing DniEcnoN Always Implies Acceleration Rei.ai'ive to 
Some Observer 


The figure shows successive positions at the end of each second during a S-sccond 
movement of an object in a curved path. Its speed as well as its direcdon is clmnging, 
being obviously greater In the last than in the middle second interval. Relative to the 
X*exis the change in speed makes up for tlie change in direction, and the distance 
traversed in unit time is the same and is always to the right. Relative to the Y-axis 
its velocity changes proportionately more than its speed along its actual path, 
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m this direction, So its velocity along the tangent would also be (27rr) -f T 
if the cord were cut when the weight reaches P, In a short interval of 
time t seconds it would then traverse a certain distance c feet reaching Q. 
Actually it does not reach Q. The force exerted by the string keeps it moving 
inwards, so that it is at a fixed distance r from the centre. Just as the mail bag 
continues to move with the horizontal velocity of the aeroplane, while falling 
simultaneously with an acceleration g earthward, the weight would travel 
from P to Rif: 

(a) it continued to move forwards along PQ witli a velocity s (= 27rr -f- T) 
through a distance c in time t (see Fig. 176), 

(b) it also fell inwards during the same time t along a direction parallel to 
RO through a distance b with fixed acceleration a. 

The definition of velocity tells us that s~e-^t,otc = st = 27rrt T. 
The rule comiecting acceleration and distance tells us that b = lat\ The 
theorem of Pythagoras shows us the connexion between the distances h and 
c, i.e. 

{r + bf^c^~\-r^ 

:.2hri-b^^(^ 

:.2b{r + lb) = (^ 

aiir + lh)=: 4:ir¥fi-T 

V^en the weight has not moved appreciably beyond P ±e distance b does not 
differ appreciably from zero, and the direction of QO does not differ appre¬ 
ciably from PO. So, if we neglect i, a becomes the instantaneous acceleration 
along the radius when the weight is at P, and 


47^2 




If the mass of the weight is m the force it exerts on the string is therefore 

'B = m.a 
2 ^2 


If the circular speed is n revolutions per second it takes 1 -f n seconds 
rotate once and 


^ 1 
T=:- 
n 


Hence we can also write for the force exerted on a mass of m rotating at a 
distance r from the centre of a wheel making «revolutions per second 


F = (27mfmr 
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If m is measured in pounds, n in revolutions per second, and r in feet, this 
gives the force in poundals. If w is measured in grams,«in revolutions per 
second, and r in centimetres, it gives the force in dynes. 

There are two ways of representing the motion of an object revolving at 
fixed speed in a circle. Each is useful, and the two are complementary. In 
1 a tug of war, when each side is keeping the same distance from the line, the 

I two teams are pulling with equal strength in opposite directions. The forces 

I exerted are numerically equal, and we represent them with opposite signs 

[ to signify that their sum in either direction is zero. Hence there is no motion. 

In the preceding paragraphs we started with the principle of inertia, that is 
to say with the known fact that the weight would fly off at a tangent if the 
cord were cut. We then asked what acceleration towards the centre is neces- 
, sary to keep the weight at the same distance from it. We are equally entitled 
to put the question in the converse form. If a weight revolving in this way 
has an acceleration towards the centre, we must also say that it has an equal 
acceleration away from the centre to keep it at the same distance from it. 
The first or centripetal acceleration - {27Tnfr depends on the cohesive power 
of the cord which resists any attempt to stretch it. The second or centrifugal 
acceleration + (277«)^ is a mathematical trick put in to signify that there is 
no actual motion towards the centre. Because of the power of the cord or 
support to resist stretching, a revolving weight is pulled towards the centre 
of motion. As in a tug of war, the two pulls, away from and towards the 
centre, are balanced. If we use the positive sign for the outward direction, 
it comes to the same thing whether we say that the centripetal force exerted 
on the weight by the cord is - {2'im)hnr or that the centrifugal force exerted 
by the weight on the cord is + (2Tm)®wr. 

The practical importance of the distinction is easier to see, if a piece of 
elastic is used instead of an ordinary cord which does not appear to stretch 
appreciably. It is a matter of common experience that a large weight stretches 
a piece of elastic more than a small one. When a weight hangs vertically from 
a piece of elastic, the power of the latter to resist further stretching cancels out ^ 
the action of gravity and must therefore be represented as a force of equal 
strength and opposite sign. The resisting force of a piece of elastic therefore 
increases with the load. It is easy to satisfy yourself that a weight swung in 
a circle at the end of a piece of elastic stretches the clastic more when the 
speed is increased. As we increase the speed, the centrifugal force outwards 
from the centre is also increased. The weight moves farther away fiom 
the centre, thereby increasing its centrifugal force, while at the same time 
increasing the power of the elastic to resist any further stretching. When 
the latter just balances the former, the weight continues to revolve at a 
fixed distance from the centre. If the speed is reduced, the centrifugal force 
is weakened. The elastic resistance being now the greater draws the weight 
inwards. Since diminishing the length diminishes the power of the elastic 
to resist stretching (see p. 291), .there comes a point when the elastic pull is 
no longer in excess, and the weight continues to revolve at fixed distance from 
the centre, though nearer to it than it was when the speed was greater. 

To test the law of motion m a circle we have only to attach a weight to a 
spring balance fixed by a ring to the axle of a turntable, on which the weight 




Fig. 177.—MEASURING Centrifugal Force 


spends to 32M poundals. If the mass m is rotating at n revolutions per second 
r feet from the centre, 

32M = (iTrnfmr 

If the mass attached to the spring balance is 2 lb., and it remains steady 
2 feet from the centre when the wheel rotates, at 20 revolutions per second, 

/44 

32 M = ( y X20 j X2 x2 

Taking 47r® as approximately 40 

M = 2,000Ib. 



Fig. 178.-- Principle of the Cream Separator or Centrifuge 
To calculate the angle of tilt of the two tubes rotating on a bar of radius r at a given 
speed 

tana wffll-Yj r= • 


Vg 


Thus if the distance of the fixed end from the centre is 1 foot and the axle makes 
6,000 revolutions per minute the time of a revolution is 60 -r 6,000 = O-Ol second. 
Taking iff* = 40 and g = 32 feet per sec®. 


fan 0 ss 


40 X 1 


12,600 


32 X 0-01® 

Since tan 89“ = 67-29, the tubes are inclined at over 89“ to the vertical, and would 
hence be pracdcally horizontal at this speed. 


tangible evidence of this pull. Examples from the everyday life of our own 
time are the cream separator, the governor of a steam ei^ine, and the analo¬ 
gous device with air vanes used as a brake to ensure the constant speed of a 
i^amophone record. The cream separator is essentially like the laboratory 
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centrifugej which consists of a rotatmg bar or flywheel, from the rim of which 
a series of tubes are suspended so that the lower end is free to tilt upwards 
and outwards (Fig. 178), During rotation the centrifugal acceleration 
(imfr at the top of the tube is balanced by the rigidity of the support, while 
the opposite end is puM downwards by gravity and the resultant pull R 
(Fig. 178) makes it tilt outwards during rotation. At high speed the pull 
outwards is far stronger than pavity, and maltes cream rise or sediment 
setde much more rapidly than it would do if left to the action of pavity 
alone. In the governor of a steam engine (Fig, 179), the two metal balls are 


'Throtik 

in 

steaan 

pipe 


Fig. 179 

How the Goveirior of a steam engine allows the escape of steam when the speed exceeds 
the danger limit depends on the same principle as the centrifuge. Two metal balls are 
each connected by a pair of levers with two collars A or A' and B. The weight of 
the balls keeps them in the position shown on the left when the engine is at rest. As 
the shaft revolves the balls fly outwards as shown on the right lifting up A into position 
shown as A'. A lever attached to A is connected to a throttle-valve in the steam pipe 
leading to the cylinder which closes when the collar A' rises to a certain height 
depending bn the speed of rotation. Only one ball is shown in each position. 

connected with a lever device. At a certain speed the balls fly apart so far 
that the lever doses a throttle controlling the supply of steam to the cylinder, 
so the speed cannot exceed the limits of safety. A common type of speed 
regulator for pamophones has a lever attachment like that of the steam 
engine governor, working a bralte when the speed reaches the limit required. 
In the analogous device which is used to regulate pamophone speed, 
the air-resisting surface of the vanes increases and thereby opposes further 
increase of speed. 

The calculation of centrifugal force is also necessary for laying rails at 
appropriate hdghts to allow for the tilt of trains in turning a bend. In its 
ovm social context it arose from the technology of the pendulum clock, and 
the formula was first actually published in Huyghens’ Horologium Oscilla-^ 
The first docks were purely empirical devices, in which a descending 
weight was the motive power. Later the wdght was replaced by a spring. 
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The problem of dock construction is to regulate the fall of a weight, or the 
contracjion of a stretched spring, so as to drive a wheel at a constant speed. 
This is done by a device c^ed the escapement (Fig. 181), which consists of 
two arms cut so that one is free when the other engages the obliquely toothed 
rim of the driving wheel, and vice versa. As the driving wheel revolves, the 
pressure of a tooth swings one arm up, As it dears the tooth, the other comes 
down bemeen a pair of teeth, engaging them till its fellow swings down. 
The motive force is thus regulated to impart constant speed by the regular 
swinging of the escapement to and fro. So accuracy of timekeeping depends 
on making the interval of the escapement swing constant. 

In the first clocks this was done by what was called the "verge escape¬ 
ment” (Fig. 181). The escapement was fixed to a bar with a heavy weight at 
each end. First it was turned one way by one tooth of tlie driving wheel. 
Then another tooth on the opposite side swung it the other way. If the 
teeth of the rim were of the same size and cut at the same angle, the bar 



Fig. 180 

Inclination (a) of rider on a circular speed trade as the resultant of two accelerations 
at right angles. 

and weights turned through the same angle in opposite directions taking 
the same interval of time for each swing. To make this arrangement work 
with great accuracy therefore required very great predsion in the construc¬ 
tion of tile wheel and the escapement; and since the heaviness of the weights 
generated considerable friction, calculation of the dimensions was beset with 
formidable difficulties. Accuracy in clock construction was not achieved until 
it was possible to devise an escapement which has a fixed period, independent 
of the size of the teeth on the driving wheel. This can be done by means of 
a pendulum or a spring. 

THE fRINCIPLE OF THE FEED PERIOD 
The rule for rotational motion leads directly to another rule about the 
circumstances of to-and-fro motion with a fixed period. In the steam engine 
the to-and-fro stroke of the piston is converted into the rotary motion of 
the wheel. Conversely if we rotate the wheel when there is no steam in the. 
piston we can convert the rotary into a periodic motion. It is not difficult to 
see that a wheel rotating at fixed speed can be made to produce a pendulum- 
likc movement with a fixed periodic time. The complete pmod, i.e. the time 
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taken to move forwards and backwards to the same position, is the time 
taken for the wheel to make a complete revolution, i.e. its periodic time T. 
Fig. 182 shows a type of piston rod attachment by which the horizontal 
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Fig, ISl.—EvoLUTiON OF THE Pendulum CtocK 
A pendulum swinging in a small arc of a circle is almost but not quite isochronous (i.e. 
wia a period independent of the distance through which it swings). It is completely so, 
if the path of the bob is a cycloid, whicli is a curve like a semi-circle but steeper at the 
extremities. By having a flexible support which bends round the curved laws shown 
in the figure, the pendulum performs a cycloidal motion for wide angles of swing, 

displacement of a peg projecting from a circular wheel drives a pendulum 
to and fro. The horizontal displacement of the centre of the pendulum bob 
from its midway position exactly corresponds to the horizonttd displacement 
of the pin along the diameter of the wheel, and hence the acceleration of the 


Wheels Weighty and Watchspring 281 

pendulum bob is also equivalent to the acceleration of the peg along the 
diameter of the wheel. 

Suppose now that at some instant during the rotation of the wheel in 
Fig. 182 the radius r drawn from the centre to the peg makes an angle b 
witli the axis of the piston. The peg is moving m a circle at fixed speed. 
Inwards along r (see Fig. 176) it has an acceleration whose numerical value 
may be represented by According to rule 4, p. 258, this is equivalent to 
an acceleration a, cos b along the piston axis (see also Fig. 174). If the 
numerical value of this horizontal acceleration is dj. 


aj = Uf cos h 



Fig. 182 .—Regular Pendulum-likb Motion of a Pin attached to the Rim of a 
Wheel Rotating at a Fixed Spfjd, as seen in the Horizontal l lane 


If X is the horizontal distance of the peg, from the centre (regardless of 
whether it is right or left of it) cos 6 = x r, 

Ox = ap:~-r 
;.a^^x=ar-^r 

And since a, and r are both fixed 

= const 
X 

The pendulum of Fig. 182 swings with a fixed period corresponding to 
one rotation of the wheel at fixed speed. We now know that when it does so, 
the ratio of the numerical values of its acceleration and displaceinent along 
the line of swmg is fixed. This clue is not enough to define a “otion 
of fixed period. As it stands, the last formula takes no account of the direction 
of motion, and would also describe that of an object inovmg contmuousty 
with increasing speed in the same straight line. The motion of the pendulum 
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involves reversal of direction in each revolution with slowing down and 
speeding up in each half turn. To define its direction we must use appropriate 
signs. 

If 3 c is the horizontal distance of the peg from the centre, its displacement 
may be - jc (a; ft. to the left) or -f 3c (a: ft. to the right of it). With the same 
convention an acceleration + u* means gaming ft. per sec. in each second 
while moving to the right or losing a* ft. per sec.® while moving kjimrds^ 
and — fl* gaining ft. per sec.® moving leftwards or losing a* ft. per 
sec.® moving rightwards. In a complete clockwise rotation the horizontal 
displacement h i-x, when the .peg is moving downwards, and - x, when 
the peg is moving upwards. In the downward half mm (see Fig.^ 174) its 
acceleration is - because it is first slowing down as it moves right, and 
then speeding up as it moves left. Conversely, it' is -f- a® in the upward 
half turn, when it is first slowing down rightwards and then speeding up 
leftwards. With the usual conventions of sign the horizontal acceleration is 
therefore ~ a* when the displacement is -f sJj and -|- when the displace¬ 
ment is ~ X. To take account of this we replace the constant in the previous 
formula by a positive quantity k to which the negative sign is fixed. If we 
write, 

a^ = ~ he 

now stands for the actual acceleration with its appropriate sign, and x for 
the acmal displacement also with its appropriate sign. Thus if the displace¬ 
ment is d ft. to the left, x = - d and a* = -- d) = + kd, winch is 
positive. If the displacement is d ft. to the right, a* = - M, and since k 
and d are both positive the acceleration is represented by a number to which 
the negative sign is attached. This signifies slowing down in motion to the 
right or speeding up lefwards. 

Since a, -r r = ^ x, a, -r r = - and we know that the numerical 

value of a„ the cew/njsrfa/ acceleration, (p. 276) is {2ir 'f Tfr, 

• flf “f = (27r-f T)® 

So we have now two clues to the perfect clock escapement. We have to find 
something which moves so that it has an acceleration of opposite sign and 
with a constant ratio {k) to its displacement along a fixed line. When we 
have done so its periodic time will be % -f VI. 

To visualize a periodic motion with correct use of signs, complete the 
following table showing the mean horizontal acceleration of the pendulum 
device in Fig. 182 in successive seconds. The wheel rotates once in 36 seconds, 
he, 10° per second. Starting when the pin is at the extreme right-hand position, 
its horizontal displacementis also r, the distance of the pin from the centre, 
so if r =1, * ” 1. At the end of a second the pin has rotated through 10° 
and X = r cos 10° = cos 10° At the end of two seconds * = cos 20° and so 
on, Tables of cosines tell us that cos 10° = 0*9848 and cos 20° = 0*9397. 
During the first second the displacement changes from»; = 1 to x «= 0*9848, 
' ^^ 0* 0162 ft. to the right. In tlie next second it moves ~ 0*0461 ft. Thus 
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its mean velocity in the first second is - 0*0162 ft. per sec. and its mean velocity 
in the next second is - 0*0451 ft. per sec. and the mean velocity gained in 
one second (mean acceleration) is — 0*0461 — (— 0*0162) = — 0*0299 ft, 
per sec.® This is its approximate acceleration midway between the middle of 
the first and the middle of the next second, i.e., at the end of the first when 
its distance is 0*9848 ft. The ratio of its acceleration to its distance is - 0*0299 
■f 0*9848 == - 0*0304. The table below calculated in this way shows that 
the ratio — a* -r x is approximately constant, and closely agrees with tlie 
value of 47 j2 4 - T® = 4 X 9*87 -I- (36)® = 0*0305. 


Time 

Angle 

(0) 

Displacement = * 

Mean Velocity 
(Displacement 
gained per sec.) 

Mean Acceleration 
(Velocity gained 
per sec.) = Bj 


0 

0 

1*0000 




0-6 



- 0*0162 



1*0 

10 

0*9848 


- 0*0299 

0*0304 

1*6 



- 0*0461 



2*0 

20 

0*9397 


- 0*0280 

0*0304 

2*5 

3*0 

30 

0*8660 

- 0*0737 

- 0*0263 

0*0304 

3*5 



- 0*1000 



4*0 

40 

0*7660 


- 0*0232 

0*0303 

4*6 



-0*1232 
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THE LAW OF THE PENDULUM 

So long as the escapement was unreliable, it was neither possible to make 
a dock with sufficient accuracy for finding longitude at sea nor to fix a con¬ 
venient unit for measuring short intervals of time. Galileo s^s to have 
been the first person who recognized that a pendulum device might be 
used to make an escapement whose period does not depend on the angle 
of swing, and is therefore independent of the predsion of the teeth on the 
wheel. The principle of the pendulum is that when a small wdght swings 
through a small angle, at a fixed distance from a fixed point, its time of swing 
is constant. It is said that Galeo noticed this phenomenon, as a student, 
when he timed the swing of a lamp suspended from the roof of a toch 
by his puk beat!. It ii mote probable that the ptacace already 

existed among physicians, and that when he rabsequendy made acemte 
dinical observations on pulse rate by using a pendulum to count the heart 
beats of patients in high fever, he merely adopted the prance of contem¬ 
porary mkeine. Be that as it may, his important contribution was to show 
that the period of the swing is approximately constant by mechamcal 
standards, which had been used from time immemorRto 
nomical time. He determined the number of swings of a pendul^ durmg 
the time occupied by the emptying of a vessel; forad that it 
appreciably for larger and smaUer swings; suggested ite use m observatori 
fOT measiuing short intenals between the transits of neighbouring stars, 
and designed, without completing, a clock with a pendulum escapement. 
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Hav ing discovered the first simple and reliable means of measuring short 
intervals of time, the next problem was how to construct a pendulum of 
which the swing occupies some convenient fraction of a standard long interval 
of time, e.g. a sixtieth of a minute, or, as we now call this new unit, a second. 
By counting the number of swings corresponding to the flow of a fixed 
quantity of water from a vessel, he established the following conclusions: 
(a) within wide limits tlie time occupied by a complete swing {“period” 
of the pendulum) is not affected by the size or material of the weight, pro¬ 
vided that the length of the cord or rod is the same; (b) if the length of the 
pendulum is varied, the square of the period (T) is directly proportional to 
the length, i.e. 

To see what this means, suppose a bob hanging at the end of a cord 3 feet 
3 inches long makes 30 complete swmgs (i.e. from one position back to the 
same position) in a minute. The period is then 2 seconds, i.e, 

2» = KX31: 

K-1.6/13 •= 1*23 

So to make a pendulum which gives a half swing in 2 seconds (i.e. one with 
a period of 4 seconds), the length is given by the equation 

42-flxL 

.‘.L-13 feet 

In a clock the escapement engages tlie teeth every half period. So what 
is called a seconds pendulum is a pendulum whose half period is one second 
(i.e. T = 2 secs.). Shortly after Galileo’s death his French pupil Mersenne 
(1644) determined the length of a seconds pendulum with great care, and a 
little later Huyghens made the first successful pendulum clock (Fig. 183). He 
also modified the form of the escapement ordinarily used so that the motion 
would withstand the rocking of a ship, and at last it seemed as if Huyghens’ 
marine clock had achieved what his fellow countryman, Gemma Frisius, had 
dreamed of more than a century since. 

This was not to be. A pendulum clock loses time, if taken from Paris to 
Cayenne in French Guiana. This is because the swing of the pendulmn 
depends on the pull of gravity, and the latter is not exactly the same in all 
parts of the world. It weakens as we get away from the earth’s centre in 
climbing a mountain (p. 300). It is also different at sea-level in different 
latitudes, and this would still be so if the earth were perfectly spherical. 
The latitude variation provided a new means of testing the Copemican 
doctrine. Long before Copernicus adopted it as part of his system for 
calculating planetary motions, the Pythagorean broAerhoods, the Athenim 
Archytas, and Aristarchus of Samos, had in turn toyed with the earth’s axial 
motion as a speaiiative possibility. In Kepler’s time it still seemed to contra¬ 
dict everyday experience, and was justified only by arithmetical convcmence. 
The practical failure of the first marine clock brought it to earth, Miat vvas 
a serious setback to practical achievement set the stage for the new theories 
associated with Newton’s name. 
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Discovery was now becoming an organized social institution. One of the 
cultural offshoots of “Colbertism” in France was the foundation of the Paris 
Academy of Sciences in 1666, four years after the Royal Society received 
its charter in England. As the latter grew out of the meetings of the Invisible 
College (see p. 662), the Paris Academy arose from an association of a group 
which used to meet at the cell of Mersenne. Mersenne was active in spreading 
Galileo’s teaching. The original members included Descartes, Pascal, the 
mathematician Fermat, and Gassendi, whose commentaries on Epicurus 
revived the atomistic speculations of the early Greek materialists, h con¬ 



formity with Colbert’s policy the Paris Academy, like the English Royal 
Society, was actively interested in all problems related to navigation, then 
the touchstone of mercantile supremacy. Under its auspices the Paris 
Observatory was inaugurated and completed three years before the one at 
Greenwich was established as a national undertaking, A rich harvest offfis- 
coveries followed immediately. To Paris came Cassini from Italy and Romer 
from Denmark, Cassini undertook the calculation of tables forecasting 
eclipses of Jupiter’s satellites for use in determining longitude at sea. The 
project was undertaken in accordance. Professor Wolf tells us, with a sug¬ 
gestion made by Galileo himself. A remarkable discovery to which Romer 
was led in the course of a similar enquiry will emerge in the next dapter. 
The Academy sponsored several expeditions, notably one to FrenchUuma 
with a view to simultaneous observations on the parallax of Mars from the 
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Paris Observatory and Gayenne (Lat.6°N.). This expedition, which gave 
the first relatively satisfactory scale of measurement for the planetary system, 
signalizes an epoch in clock technology. 

The technology of the clock, like other problems of navigation, was a 
prominent feature in the researches encouraged by the Paris Academy and 
undertaken by Mersenne himself. Twelve years after the invention of 
Huyghens’ pendulum clock (1667), Picard, one of the foremost astronomers 
of the Academy, made careful measurements to determine the length of a 
sidereal seconds pendulum by star observations at Paris and Lyons. At the 
request of the Academy, in the expedition of 1672, Richer observed the 



Fig, 184.~The Pendulum and the iNaiNED Plane 


length of the seconds pendulum at Cayenne. On returning to Paris he found 
that the same pendulum must there be lengthened by 1| Paris lines (12 to 
the inch). A year later Huyghens published the theory of the pendulum clock 
{Horologium Osdlatomm). In this he explained the retardation of the clock 
by the earth’s axial motion, established the mechanical principle involved 
in rotation at constant speed, and arrived at the correct conclusion that, the 
earth must be slightly flattened at the poles. 

We can see why a pendulum clock cannot be used as a reliable chrono¬ 
meter at sea by applying our two clues to the perfect clock (p,: 282) and 
the law of the inclined plane. Turn first to Fig. 184, which illustrates a small 
weight swinging like the bob of a pendulum, in an arc of a circle of radius r. 
At any point in its course, we may consider it to be sliding down an inclined 
surface represented by the tangent to the curve at the point where it is, with 
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downward acceleration g sin b. From the geometry of the figure, sin b 
— a: - L; and its acceleration (a) to the right along the tangent is, therefore, 



Thus the acceleration is actually to the l^t. Along the line at right angles to 
the lesimg position of the axis of the pendulum, the equivalent acceleration a, 
of the bob is a cos 5 (see Fig. 164). Now cos b does not differ much from 1 
when b is smaU (e.g. cos 5® = 0-9962 differs by only 4 parts in a thousand 
from cos 0® == 1 -OOOO) at any part of its journey. For a 4-inch swing (2 inches 
each way) of a 36-inch pendulum the maximum angle is 3 • 2® from the vertical 
and cos 3 • 2® == 0 • 9984. So cos b differs from 1 by only 16 parts in 10,000 over 
the extreme limits of the swing. Even for a three times greater swing of 
12 inches or 6 inches each way when the maximum value ofb is 9 ■ 6°, cos b only 
varies between cosO® = 1-0000 and cos9-6“ = 0-986, differing from the 
mean of0- 993 by 7 parts in a thousand. It also differs from the mean value 
0-9992 for a swing a third as great by less than 13 parts in a thousand. So a 
very small difference in the angle of swing due to irregularities of tooth cutting 
in a clock wheel can make only a negligible difference to the extreme values 
between which cos b varies. We may therefore draw this conclusion. To a 
high degree of precision for relatively small angles of swing the horizontal 
acceleration 

i I S 
= - j-x cos h - - 1 -x 

The horizontal acceleration towards the resting position is therefore pro¬ 
portional to the horizontal displacement, and the constant ratio is g ~ L. 
The rule given on p, 282 shows: 

(a) that the pendulum swings with a constant periodic movement as we 
should expect if Galileo’s principles are right ; 

(J) that the constant ratio k must be (3jr -f T)^ so that 



This you can test easily for yourself by hanging a button on the end of a piece 
of thread and counting the swings with a watdi. On measuring the length 
L of the thread you should get a value for ^ within 2 per cent of the best 
values with liule. trouble. You can also see that it gives the lengtii of the 
seconds pendulum (period 2 seconds) given already. Taking (27r)^ as approxi¬ 
mately 40, L -f 10 = 3-2 feet or 3 feet 2 inches. 

The important thing about the calculation we have just made is that the 
period of the pendulum depends on So if g varies at different places the 
pendulum clod can only be relied on to work properly while it is tept at the 
place where it was regulated. The Cayenne expedition showed that g does 
wary, and Huyghens found the answer. 

The earth like a great wheel makes a complete rotation about its axis with 
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a periodic time (T) of 24 hours. A man who could work miracles might 
suspend the pull of gravitation as in the story by Mr. Wells. Any object 
would then fly off immediately at a tangent to its circle of latitude L (radius r). 
To keep an object from doing so, it would be necessary to impart an accelera¬ 
tion ( 27 t “ T)^ towards the earth’s axis parallel to the plane of the equator, 
or (27 t -r*T)V cos L in the direction of the earth’s centre. If the man 
who could work miracles decided to stop the earth’s rotation instead of 
suspending the earth’s gravitational pull, the effective acceleration which me 
latter could impart to a body would be greater. Objects would fall to e^ a 
little faster, because gravitation would no longer be opposed by “centrifugal 
force.” Although we cannot stop the earth’s rotation we can get to the poles, 
where r is zero, and the value of^ is not affected by the earth’s spin. At any 
other latitude the pull of gravity has to do two things: (a) keep a body from 
flying off at a tangent to the earth’s surface, (b) keep it movmg towards the 
earth’s centre if free to do so. When we measure its acceleration towards the 
latter, we are therefore measuring the difference between its acceleration at 
the poles where the pull of gravitation has only to do (b) and the acceleration 
which would keep it at a fixed distance from the earth’s centre, if it kept to a 
circular path. The observed value ofg at latitude L should therefore be: 


and if R is the radius of the equator (see Fig. 185), this is 



At the equator L = 0 and cos L = 1, R is 4,000 miles or 4,000 X 6,280 feet, 
and the time of a revolution is 24 hours or 24 X 3,600 seconds. Taking 4ir® as 
40, the observed acceleration is diminished by: 


4,000 X 40 X 5,280 ^ ^ j. 

24 X 3,600 X 24 X 3,600 


The earth’s spin therefore should reduce the value of ^ by 1'4 inches per 
second per second at the equator. How to make a corresponding cdculation 
for any other latitude is shown in Fig. 185. The value of ^ thus dkmnishes nt 
sea-level from the poles to the equator, and since the pendulum period varies 
inversely with T increases. That is to say, there are fewer swings in the 
same period of astronomical time, and the clock will be “slower” if taken to 
a latitude nearer the equator. A “marine” pendulum clock would only work 
during a course along the same parallel of latitude. It would also be useless 
for exploration, because the value of ^ is measurably smaller at the top of a 
high mountain and greater k the bottom of a deep mine than it is at sea-level. 

The explanation given refers to a simple pendulum, i,e. small weight 
suspended from a light axis such as a thread, at m4evel (see p. 300). We 
can then regard all the effective movement as the movement of the weight. 
To calculate the movement of an ordinary pendulum is a little more coinpli- 
cated, because we have to average out along the axis the effective weight 
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involved in the descent by the methods explained on pp. 610-611 in 
Chapter XII. Huyghens calculated the motion of the compound, i.e, ordi¬ 
nary, pendulum in his great treatise on the theory of clock motion, and 
also made another important discovery. There is—as we have seen—a small 
error in the principle of the simple pendulum moving in a circle. The period 
is almost but not quite independent of the excursion. This error does not 
exist if the suspension (Fig. 181) is modified so that the weight describes an 


P 



Fig. 185.—The Variation of s with Latitude 


^ «sin QOB = sin (90° - L) = cos L 
Od 

So if f = radius of Latitude L (QB) and R the radius of the terrestrial sphere (OB), 
r = R cos L - cos L X 4,000 miles, 


e.g, at Lat. 46°, since cos 46° = 0-707, r = 2,828 miles. The central acceleration at 
Lat. 45°, when the units of distance and time are the foot and second, is 


(2i7)"t 40 x 2,828 x 6,280 

.’IF'” 24“X60“X60» 


0-08 ft. per sec.^ (approx) 


So (Ztt T)V cos L is 0-08 x 0-707 = 0-06. Thus, if the value of g at tlie North 
Pole is 32 -26, it is 32 - 20 (feet per sec.^) at Lat. 45°. 


arc of the curve called a cyc/oid. The cycloidal pendulum is isochronous. The 
quest for a perfect clock stimulated mathematic^ researches into the charac¬ 
teristics of new families of curves such as the cycloids and epicycloids. 


THE LAW OF THE SPRING 

The Struggle for mercantile supremacy during the period which inter¬ 
vened between the two English revolutions of the seventeenth century was 

■: K. ■ 
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accompanied by a lively interest in all scientiHc problems bearing on naviga- 
tion. Foremost among tHs EngUsh group of saentific men m tbe earty 
days of the Royal Society and its parent body the Invisible Colley were 
Robert Hooke, Newton, Halley of comet fame, ® ^ 

director of the newly founded observatory at Greenwich. Newton s studies 
on telescopy have been mentioned. Hooke’s conttibuuons to weather fore¬ 
casting winUe later (pp. 567-9). Not the least import 
in the theory and practice of navigation were his various clock mvention . 

The principle of the stretched spring is still called Hooke s law. 

Hooke’s position and personal characteristics are the portent of a yw 
epfch in scientific discovery and the symbol of a past age. T e syialization 
of scientific knowledge had taken a decisive step forward at the foundatnm 
of the new academies for the free distribution of new discoveries by reylar 
puSS in jornn* printed in Ik vermub P— among te 
S tte PhiloJpm of tie50°%“ “w 

Lans of education to replace or supplement the teachmg of the medieval 
infinities was already felt, though Uttle was done to establish colleys and 
^hnical institutions free from ecclesiastical control until after the mdustrial 
mvStion In Britain, London, the hub of British mercantihsm, was excep¬ 
tional At Gresham CbUege, the earhest forerunner of the London Umversity, 
Hooke professed mathematics and mechanics. In the ote mversities 
fstronomy had retained its traditional prestige, ^d medicme had gamed a 
foothold (see pp. 667-9). There were now expandmg opjiortumties of regular 
employment, Ld men of scientific capabiHties were no longer wholly depen¬ 
dent orwealthy patrons if their social antecedents vouchsafed the necessary 

training RegulLWo^ent for scientific pursuits and regular pubha^^^ 

“ ovXwent « in hand. A new sense of common endeavour 
usurped the atmosphere of secrecy sustained by the msecunty of patronage 

and the dread of the Inquisition. 

Hooke’s practice combined the geneiosilT of the new age and the pra- 
mom of the past. He was active in promoting schemes for co-operative 
Svom, Ifc his weather records, and lamh with ftmtfhl snpest.™ 
Ysee u 654). No doubt Newton reaped the benefit of some of mem. He 
was never profuse in acknowledgments to Flamsteed, who supphed so many 
of his astronomimldata, or to Huyghens orto Leibmtz wiA who^^^^^^^^^ _ 

sponded. In contradistinction to this hbcrahty, Hooke had a forgmble if 
cW anxiety to wear the laurels of priority, and was one of 4e last 
scientific authors to use the time-honoured device of se^mg it by pre- 
Lnary announcement as an anagram. He gave the law of the sprmg as the 
anagram ceinnosssttw two years before he disclosed the ^ohmui tmno 
sic vis in a published descri^on of the 

spSgt propodonZo the displacement, a rde equally ^ - If!" 

ptonts whether it is appHedto elongation or lateraltodmg.Itis e^y to 
remember the rule when you know what it means, because the _ uniform ^ 
graduation of a spring balance scale is an everydy lUusttation of im tmd. 
Thus a weight of 3 lb. stretches a spring 1| mches if a weight of 2 lb. sttetdes 
it 1 inch from its “natural” length, when no weight is attached to it. T he 
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stretch is therefore 0’6 inches per pound weight hanging from the spring, and 
the pound marks on the scale would be 0*6 inches apart. 

At hrst sight we might therefore draw the conclusion that the mass bears 
a constant ratio to the stretch. This is not necessarily true. The pulling power 
of the spring is what prevents a weight at rest from falling. The string is 
stretched till the upward pifil of the spring exactly balances the downward 
pull of the weight. If its mass is m, this pull is tng> and we already know 
that g is not exactly the same in all parts of the world. Provided the 
spring is not stretched too far, the ratio {m ~ x) of mass (m) to distance 



F 


Fig. ISfiA .—a Seventeenth-Century Balance Spring (by permission of Prof. 
Wolf) 

stretched (*) is fixed at any one place. It is not fixed for aU places. What we 
should expect to find, and what we do find, is that the ratio -f- x is 
fixed, i.e. 

mg-kx 

The practical importance of, this may be illustrated by the behaviour of a, 
spring balance with a scale recording 2 lb. per inch, at a place where | = 22 
feet per second per second. The extension (x) is A foot for a mass of2 lb., i.e. 

2x32 = ^t12 

= 768 ^oundals per foot) 

If we took the same spring and the Same weights to the top of a high 
mountain where acceleration under gravity is somewhat less, let us say 
31 feet per second per second, the extension would be less for each 
weight and the scale readings would not agree with the previous estimate. 
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The spring tension sufficient to balance a 2 lb. weight would then be 2 x 31 
= 62 poundals, and since mg = kx^ 

jc=62-r768(feet) 

= 0-96875 inch 

When we weigh with ordinary scales^ v/e compare a body of unkMwn mass 
with i standard at the same place under the same pull of gravity. This is not 



Fig. I86.-TESTING Hooke’s Law for a Piece of Elastic ^ 
slope is k, in this case 40 -r A- or 96 poundals per foot. 


true of a spring balance, A 2-lb. weight which produced an f 

1 inch at the bo ttom of the mountain would produce an f “f “ f “J?”® 
31>r 32) inch; at the top. If the scale were marked at the bottom, 
a Standard 2 -lb. weight would register llflb. at the top. So a spr g 
balance lie a pendnlnm dock is only reliable at ™ 

made, and the two devices provide independent methods for finding how g 
varies in different places. 
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In certain circumstances, as we all know, a spring balance can be made 
to behave like a pendulum, as when a sudden jerk makes the load bob up 
and down. The fact that it does this illustrates in a new way the fruitfulness 
of measuring force by the acceleration imparted to a mass. If a mass of m 
hangs at rest on a spring (Fig. 187) stretched downward through a distance x 
beyond its natural length, Hooke’s law teUs us that its downward puU (rng) 
is balanced by the upward tension of the spring fee. .If it is pulled through a 
further distance y and held, so that the total extension is now (x+}i), the 
total force exerted by hand and weight must be balanced by an upward 



Fig. 187 ,—Periodic Motion oe a Weight at the End of a Spring 

The time graph is shown as it would be given by snaps at successive intervals of 
equivalent length. The equation can be built up from the mechanical model of Figs. 
182 and 196, wliich show that it has the generalfonn (in circular measure): 

yi = r sin (2i7t -f T) 

The constant r is the “a mplitud e” of the excursion, i.e. y, and the periodic time T 
is given in the text as SttV x^g. Hence the equation of the time trace is 

The initial extension y does not affect the period. It only affects the excursion. 

tension oikix^y). When the hand is released, this upward pull is only 
offset by its own weight {mg =kx) pulling it downwards. The latter is not 
sufficient to neutralize it. The difference between them is ^(x -f j) “ 

= ky. Hence there is still an upward tension numerically equal to fey, and the 
load begins to move upwards with an acceleration — a. The force required to 
impart this acceleration to a mass m is — wa, since the direction of motion 
(upward) is opposite to the direction (downward) along whichy is measured, 
'HencC' 


— ma = ky 
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The acceleration is therefore in fixed proportion to the displacement y from 
the resting position of the weight, and of opposite sign to tins isplacemcnt, 

In other words, the acceleration is always towards Ae restmg position. 
Hence (p. 282) the motion is to and fro, and its period is 

^TrVm-rh 

Since A = mg -f Xi this is the same as 

27rVjcT§’ 

So, if as in lie previous example a 2-lb. weight 
1 inch (^- foot) at a place where g = 32, it wou ld osciUa te when jerked 

out of its resting position with a period 27rV^-r32 = 0‘32 second 

^TsSSpement of which the teeth engage a hanging weight would 
naturdly have the same disadvantages as a pendulum, because Ac period of 
the osculation depends on g. The advantage of the sprmg « ^ 

used to produce periodic motion without a weight hanging verucally. For 
instance,V end of a spirally wound sprmg like Hookes 
watches can be fixed to a flywheel, the merha of whmh does not depend 
on gravity. The law of Hooke appUes with remarkable accuracy to mal 
lateral as well as to lengthwise strains. So this type of escapement prov des 
an escape from the Umitations of the penddum clock. Hooke, Uke 
Huyghem, hoped to make a perfect marme clock. He did not succeed 
became the expansion of metals (p. 677) by changes in temperature 
not sufficiently understood at the time. Navigation waited te-quartem 
of a century for what Newton caUed »a watch to keep ^ 
social importance of the issue is shown by the Act of 1714, when th 
British Government offered a reward of ,£20,000 for any meihod^to ®able 
a ship to get its longitude with an error not exceechng 30 miles at the end of 
a voyage to the West Indies. Twenty years after the Board of Longitude was 

appointed to act as umpire, Newton’s words were^^ irae : bj «ason oj 

the Motion of a Ship, the Variation of Heat and Cold, Wet and Dry, and 
the Difference of Gravity in different Latitudes, such a Watch hath not ye 

1736 a Yorkshire carpenter made a dock with a grid of brass and steel 
bars (see Chapter XI, p. 576) to compensate for variations m the tension of 
the balance springs at different temperatures. Harrisons to clock ws 
tested in May of that year on a six weeks’ voyage to Lisbon and 
the outward journey on the Centurion, later Anson’s flagship. _ The omaal 
certificate reproduced by Commander Gould in a centen^ artide <lisdoses 
that Harrison located the Lizard correctly when the official navigator, Roger 
Willes, believed that the ship had reached Start Pomt one degree ^d 
twenty-six miles” east of it. The invention was not offered for the prize, 
With smaU subsidies from the Board of Longitude Harrison persevered for 
more than twenty years. His fourth model in a test voyage to Jamaica m 
1761 led to an error of only one mile. The error was under ten miles m a 
second voyage to Barbados three years later. He was paid half the reward m 
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1766 and only received the other half after a long legal quibble setded by 
a private Act in 1773. An exact duplicate of the fourth was made for the 
Admiralty at a cost of £460, and used by Captain Cook. A few years later 
Earashaw, the inventor of the modem type, produced chronometers at less 
than a tenth of this price. 

UNIVERSAL GRAVITATION 

Artillery warfare first began to present new problems for research in the 
age of the great navigations, when astronomy was still the queen of tlie 
sciences. In one way or another jwerfoh, the fundamental principle of range- 
finding, impressed itself on speculations about planetary motion before 
Galileo acti^y applied it to physical measurements. If a pull is necessary 
to keep a stone revolving at the end of a cord in its circular path, and if a 
bullet keeps its ovra motion in a straight line when the marksman is riding, 
how does it happen that the planets move in closed orbits round the sun? 
In an earlier age the question would have been meaningless. In the generation 
of Galileo there was a special reason for asking it. The mariner’s compass 
was one of the new wonders of the age of the great navigations. Here for the 
first time was something which pulled without cords and pulleys. Here for 
the first time was "action at a distance.” At the Court of Elizabeffi the theory 
of the mariner’s compass had as much news value as the Peking Skull in 
post-war England. The queen herself and her naval commanders gathered 
to watch experiments by Gilbert, the queen’s physician, who had Iffiened 
the influence of the sun on the planets to the earth’s magnetism. 

Kepler had endorsed the analogy before Galileo showed how to measure 
pulling power by the motion it produces. The law of circular motion, which 
seems to have been discovered independently by Hooke and Newton as well 
as by Huyghens who first published it, made it possible to bring these 
speculations to earth. If a body moves witli constant speed in a circle its 
acceleration along the radius is also constant and is equal to (27r)^ -r Tl 
Kepler had shown that the ratio of the square of the time of revolution 
of a planet (or satellite) to the cube of the radius of its approximately circular 
path is the same for all planets (or for all satellites of the same planet), i.e. 

= KP = 

If we combine both rules, 

{2irfK 

' / = — ^ . 

That is to say, the acceleration along the radius of a planet’s orbit is inversely 
proportional to the square of its distance from the sun round which it moves. 

Although this conclusion occurred to several people at the same time, 
Newton was apparently the first to test it, He argued ffiat if the same pulling 
power draws a stone to the centre of the earth and keeps continually deflect¬ 
ing the moon from a straight path in its frictioniess motion through empty 
space, the acceleration of the stone and the acceleration of the moon along 
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the line ioining it IB earth must be in an inverse ratio to the square of then 
distances fiom the earth’s centre. So he calculated the vemcal acceleratton 
rftbSy at the earth’s surface tan the tnoo^s motion on & 
that theLe pull acts on both. The moon’s ^ 

times the earth’s radius. So the acceleration of a body towards the earth 

centre, if moving reund the earth in the moon’s course, should be times 

the vertical acceleration of a body on fte earth’s 

32 feet net second per second, it should require an acceleration of 32 . 60 

te net seS per second to keep the moon bent in a^ course. A 

[jrnpk calctdatio^is sufficient to show that this is cora^j^e^^^^^^^^ 

(r) of the moon from the earth is approatma ely 240,000 mte or 240^000 X 
\ ism The time m of a complete revolution is approximately 27 J days 
oS™rx^)«^nd.Vordingtotheprind^^^ 
acceleration requited to keep the moon in its course is 


4^2 47r» X 241),000 X 5,280 

^ “ 27|^ X 24* X 60“ X 


= 32 -r 60® (approximately) 


The result obtained agrees with the assumptions that the rules wluch 
describe the regular motion of the clock wheels can also be used to calcdate 
Emotion of Se heavenly bodies. When Newton first thou^it of makmg 
liis calculation at the age of 23, the estimated distance of nicon was 
not very accurate, and the value he obtained was only seyen-eighAs of what 
he expected Recognizing that reasoning by impeccable logic from self 
wte principles is no substitute for soHd fact in scirace, he locked away 
his calcSations for over ten years. Meanwhile much 
meaning of Kepler’s laws had taken place among men of 
had arrLd at the same conclusion as Newton, but 
the mathematical difficulties which arise, when the orhns elhpucal, and 
t a^Son directed to the focus. A prize offered for 
the problem by Sir Christopher Wren. Under pressure of his friends, Newton 
repeated his calculations with a new and more _ accurate 
mL’s distance based on the Cayenne expedition. The resul ^ now 
satisfactory. So he was able to show that if the prmciple of mertia is true, 
a Ly m only move in an elHpse if the acceleration teted to its fo^s 
is invLely proportional to the square of the distance. He dso s^wed that 
a body w4h moves in an elUpse with an acceleration directed to the focus 

must describe equal areas in equal times. _ , 

Thus Kepler’s three laws, which contradict our first impressions of the 
way in which the celestial objects appear to move, were brought mto harmony 
with the experience of motion in everyday life. As ^ 

Newton, experience of nature demanded new rules of reasomng. To solw 
all the problems which arose, Newton was corapeUed to improvise a new 
mathematical technique, the differential calculus. Contemporary idealist 
philosophers, notably Berkeley, poured the 

logical instrument. Today stubborn fact has triumphed over Berkeley s logic. 
The hostility of the metaphysicians has been long forgotten by a world 
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which prefers me comforts of science to the consolations of philosophy 
and the belief *hat the rules of theory are exempt from the test of practice 
has been transferred from real science to political economy. 

Up to this point, Newton s contribution did little more than bring together 
the conclusions of his own contemporaries with more mathematical in¬ 
genuity than they had shown, and it is a falsification of history to look on 
Newton’s theory as the production of isolated genius. His genius worked on 
problems which were set by the social circumstances of his time. In Galileo’s 
treatment of the path of the cannon ball and in Huyghens’ treatise on the 
clod the problem of motion in curved trads had emerged from imperative 
social needs of the time. Again and again Newton’s speculations turn to one 
or the other. In the elementary treatment of the mail bag given on p. 265 
and the analogous problem of a cannon ball (Figs. 171 and 172) fired in a 
horizontal direction, we assume that the height and range of projection are 
relatively small. We talce the earth as approximately flat for our purpose 
and the acceleration of gravity as approximately constant, and directed! 
towards the earth’s surface. In an age of progress in artillery warfare it was 
natural to speculate further about what would happen if a projectile were 
fired at a great height with an enormous velocity. We then have to redon 
with a variable acceleration directed to the earth’s centre instead of an 
approximately constant g directed to an approximately flat surface. In the 
following passage Newton pictures the planets shot off from the sun at some 
time remotely past: 

That by means of centripetal forces the planets may be retained in certain 
orbits we may easily understand, if we consider the motions of projectiles. ... 
The greater the velocity by which it is projected the farther it goes before it 
falls to the earth. We may thus suppose the velocity to be so increased that it 
would describe an arc of 1, 2, 5, 10, 100, 1,000 miles before it arrived at the 
earth, till at last exceeding the limits of the earth, it should pass quite by 
without touching it. ... If we now imagine bodies to be projected in the 
directions of lines parallel to the horizon at greater heights . . . those bodies, 
according to their different velocity and the different force of gravity in different 
heights, win describe arcs either concentric With the earth or variously eccentric 
and go on revolving through the heavens in those trajectories j just as the 
'planets do in their orbs (see Fig. 188), 

Newton’s special contribution was the next step. He had satisfied himself 
that the earth’s attraction on bodies at its surface extends as far away as the 
moon. What was the nature of this pull which Kepler had likened to the 
action of a magnet? The sun pulled on the planets which are smaller than it 
is; the earth pulled the moon which is smaller than itself; and the earth’s 
pull or terrestrial gravity is proportional to the mass on which it acts. So 
the pulling power of the sun on the planets might be connected with the 
fact that their masses are different. If so, it seems that every piece of matter 
exerts on every other piece of matter a pull directed to its centre and pro¬ 
portional to its mass. The muiual attraction between any two pieces of matter 
of mass m and M separated by a distance r would therefore be proportional to 

m X M-rt® 

K* 
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Putting this in the form of an equation, in which G is a universal constant 



If this is true, it is possible to calculate both the absolute mass of the earth 
itself, and the relative masses of the earth and other heavedy bodies. The 
first can be done in a variety of ways, one of wliich is shown diagrammatically 
in Fig. 189. How to find the ratio of the mass of the earthy to that of another 
heavenly body may be illustrated by comparing its mass with that of the sim. 

In Newton’s calculation of the falling stone and the moon, E is the earth a 
mass and the force on unit mass of either is GE -r r® 



Fig 188 —Newton’s Parable of Projectiles Fired with Increasingly High 
Velocity from the Top of a Very High Peak 
Note.—The higher the initial velocity (see Figs . 171 and 172) the smaller the deflectira 
towards the earth’s centre in a given distance traveled. By increasmg the veloaty 
of projection the motion therefore approaches a closed elliptical orbit, such as a rocket 
projected beyond the stratosphere would pursue m empty space. Air resistance is 
negleaed. 

Since F — the acceleration of the stone at the earth s surface, and 
the earthward acceleration, gif^ of the moon, are in the ratio % . anti l^e 
earth’s mass cancels out. The problem is difterent when we compare the size 
of the earth’s orbit about the sun with the size of the moon’s orbit about 
the earth. We then have two different masses: S, the sun’s pulling on the 
earth at a distance Rj and E, the earth’s pulling on the moons M at a 

distance r. The attraction of the earth to the sun is 

G.sE'-rR‘“' 

The attraction of the moon to the earth is 
G.EM-rr" 
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So the ratio of the two attractions (earth to sun): (moon to earth) is 

S?'2.i.A4R2 

If A is the acceleration of the earth sunward along the radius of its orbit, 



AOii.-—WiSJHjrmNU IHli CAKItt 


The prmaple of weighing the earth by the deflection of the plumb line towards the 
rnbuntam is me same as that used in the direct determination of the mass of 
the earth by Cavendish and later workers who have used a sort of miaoscope 
to ineasure the deflection of a suspended pellet Q towards a large mass. 
Gravity acts towards the centre of a spherical mass. If a pellet is deflected throu^ 
d from the vertical when placed near a large mass, like a ton weight of lead, the ratio 
of the attractive forces of the lead and the earth itself is tan a (see legend to Fig, 167). 
According to Newton’s hypothesis of universal gravitation, the attractive power of a 
body is directly proportional to its mass and inversely proportional to the square of 
the distance between its centre of mass and the body attracted by it. Hence if m is 
the mass of a body whose centre is r feet from the pellet, and M is the mass of the 
earth whose radius is R, 

. . mR«' ■ . . 

'tanasa.TT-? ' ■ 

Mr 


Suppose in such an experiment (crudely diagrammatized in this figure) 
a =s 0'00000046' (Le, tan a “= 8 X lO-"®) when w = 1 ton and-r = 1 yard or 
miles. 

. l x (4,000)* ; 4,000* X 1,760* 

^ M X (1 - 5 * 1,760)* M 

16xT76*x10* 

■ M - ' gxiih— ^ 

, : = 6*6 X 10** tons approximately. 


the force pulling the earth to the sun is EA. And if Y is the time of a complete 
revolution of the earth round the sun, 

EA = B.-^.l ; , . 
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..^ = E 

s-ii R“ 

SimUarly if L is the time of a complete revolution of the moon round the 
earth 

F^i!! .a 

Hence the ratio of the sun’s mass to the earth’s mass or 


S R®L2 _ (93,000,QQQ)° X (27|)=^ 
1==;^" (240,000)» X (365)2 


340,000 (approximately). 


The best determinations give 333,434. The large mass of the sun, 
compared with that of any of the planets, is the reason for theTact 
that they all appear to describe orbits around the sun as focus. How¬ 
ever, their orbits do not absolutely correspond to Kepler’s laws, because 
they exert attractions on one another. The great triumph of Newton’s theory 
of universal gravitation was the fact that such irregularities can be calculated, 
when the masses have been estimated in some such way as the e^^ple given 
illustrates. Just as the planets exert minor effects on the motion of their 
neighbours, the sun, which is too far from the moon to affect the more 
obvious characteristics of its motion, produces various irregularities which 
had been quite unintelligible. From the ratio of the mass of the moon and 
the sun, and their distances from the earth, Newton was able to accoimt 
for the variations of the tides with the phases of the moon (Fig. 190), for 
the of the moon’s orbit and the regression of its nodes. 

It is natural and proper for you to ask at this point whether Newton’s 
theory provides any guidance for social practice. One, direcdy related to the 
focal problem of technology in the social context of Newton’s time, is the 
increase in the period of a pendulum or the apparent decrease of a mass 
weighed in a spring balance when we ascend a mountain. If the law of inverse 
squares is right the value of the earth’s pulling power on unit mass (i.e. g) 
must increase as we get nearer the earth’s centre and decrease as we get 
farther away from it by a calculable amount. Taking the earth’s radius as 
4 000 miles at the surface, the ratio of ^ at the surface to ^ one mile above it 
at the top of the mountain should be (4001)2; (4000)2, and if ^ were 32 at 
the bottom it would be 31-9 84 at the top. Hence at the bo ttom the perio d of 
a pendulum would be 2irVL v 32 and at the top 27rV L-f 31-9 84, and 
the periods at the bottom and top would be in the ratio V31-984 -f ^32. 
The clock would lose time in this ratio per second.* 

* Huyghens rightly assumed that differences of sea-lml measurements of in 
different latitudes are not due to irregularities of this kind. The perfect spheridty of 
the earth was an accepted dogma, sufficiently justified by later measurements m low 
latitudes. 
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The application of Newton’s theory was jBrst made by Bouguer in one of 
the great scientific explorations of the eighteenth century. Bouguer com¬ 
pared the lengths of ihe seconds pendulum at sea-level and at the top of 
Pinchincha, a high mountain above Quito in Ecuador. The necessary 
reduction for the ascent calculated by the inverse square law was x fis, and 
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Fig. 190.—The Tides 


this proved to be larger than the observed value -niW- What seemed to be a 
disappointing result led to a new vindication of the Newtonian theory. 
Bouguer argued that a large nasi such as a mountain must exert an appre¬ 
ciable sideways attraction. This was triumphantly confiimed by a simple 
4evice. He selected two stations on the same parallel of latitude, one close to 
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Chimborazo, a mountain 20,000 feet high, and one some distance due west¬ 
ward, away from the influence. The inclination of a telescope to the plumbline, 
i.e. the zenith distance, should have been the same at meridian transit since the 
latitudes were identical. Owing to the attraction exerted by the mountain on 
the weight of the plumbline the zenith distance of the star at the near station 
was greater than it should have been. From this observation Bouguer calculated 
the density of the earth, and figures obtained in this way agree fairly well with 
results obtained by the direct method of Fig. 189. 

In the next chapter we shall see how Ae invention of an instrument 
which could measure time in very short intervals had more far-reaching 
results than any which we have discussed so far. One result of this was 
unexpected confirmation for the belief in the earth’s orbital motion about 
the sun. Before leaving the story of clock-making we shall now sumraraze 
some terrestrial experiences which lead us to believe that the apparent ^y 
motion of the celestial sphere results from the earth’s axial rotation. Two 
have been mentioned, namely: (a) that pendulum clocks lose thne as we 
travel from the poles to the equator, while spring clocks do not do so; (o) mat 
the earth and other heavenly bodies are flattened slightly at the poles like a 
ball of soft clay on the potter’s wheel. Three others will now be mentioned. 

earth’s DIURNAl ROTATION 

If a projectile is shot in any direction from the North Pole, it continues 
with uniform horizontal velocity while the object at which it was aimed is 
being carried round leftwards, owing to the counter-clockwise motion of the 
earth as seen from the standpoint of a polar observer. Hence the bullet will 
fall right of its mark. Conversely a projectile fired from the_ South Pole 
would fall left of its mark. If the projectile were fired at an object south of 
the equator from a situation at the same distance from the equator north of 
it, there would be no such displacement. In any other situation a bullet fired 
north or south would deviate shghtly from its mark because the east-west 
velocity of the object and projectile would be different. The effect would be 
negligible if the distance between them were small. With long-range modern 
projectiles the distance is sufficiently large to make appreciable errors in 
marksmanship if it is neglected. In acmal practice, the error is avoided by 
making an easily calculable allowance for the earth’s axial motion, If rocket 
transmission, which is already used for postal services in a few remote places, 
became general, the reality of the eartii’s axial motion would become an 
ever-present feature of social communications. In his fascinating book, 
RockU Through Space, 

After conducting a series of preliminary experiments, Schraiedl succeeded 
in establishing, in 1931, an officially recognized rocket postal service. He 
operated his service between the small towns of Schockel and Radegund, ne^ 
Graz, Austria. Although the distance covered was only about two miles, the 
mountainous nature of the district enabled him to transmit letters from one 
town to the other in as many minutes as the ordinary postman required hours. 
The success of the Schmiedl service inspired Gerhard Zucker to perform a 
like experiment in Germany. And in 1933 he successfully transported letters 
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by rocket over the Harz mountains. A year later, as is well known, he brought 
one of his rockets to England—where his experiments were a fiasco. . . . 
Experimenters visualize the time when mail rockets will carry their cargo 
between London and New York, a distance which even the liquid fuels of 
today will enable the vessel to cover in less than an hour. 

Another consideration is not so obvious. If a pendulum bob is suspended 
from a very long cord (e.g. 100 feet), free to rotate in any direction and set in 
motion, it should continue to swing in the same direction. If the direction of 
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Fig. 191.—Will Theories of Gravitation Become Necessary for Travel? 
The figure shows'Dr. Walter Hohmann’s project for a space trip by rocket t^mission 
out of the first 60 miles of the earth’s atmosphere. Beyond this mstance air resistance 
becomes negligible.and the space ship behaves like a planet morag in a curved path. 
The trip would take 762 days, including a stay on Venus of 470 daw, wmore than 
two Venus (226-day) years. The present cost would be about £20,000^00. Considermg 
that we have not yet liquidated the social inconveniences resulting from the Aln^ 
slave trade which followed the discovery of America, this is not necessarily a dis¬ 
couraging faa. 


the swing is marked by a line on the ground, tiiependffiumwing will appew^ 

No force has been applied to the pendulum to change ite direction,^^d m 
ought therefore to say that the line has twisted in an anti-clockwise dkecfion 
beneath the pendulum. You wiU have no difficulty in seeing that this is a 
necessary consequence of the earth’s axial rotation if you supposrthe pen¬ 
dulum to be suspended at the North Pole, in which case the line will perform 
a complete anti-clockwise rotation in 24 hours. At the equator the fine will 
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Fig. 192.--WHY the Plane of the Pendulum Swing Rotates 


Suppose that the pendulum is started swinging in the meridian at a, i.e. along the tangent 
ac, which meets the axis OP produced at c. A short time later the earth has rotated 
through a small angle aoij carrying the pendulum to the point b on the sme parallel 
of latitude. The tangent 6c meets OP in the same point c. The pendulum isj howevetj 
still swinging in the direction ac, i.e. along bd, so that relative to the meridian it will 
apparently have changed its direction clockwise through the angle cbd = bca. Mean¬ 
while the earth has rotated through the angle boa. The rates of rotation are proportional 
to tiie angles turned through in the same time. Hence , 

rate of rotation of pendulum Lbca _ arc a6 . arc fl6 

rate of rotation of earth ~ Z,6oa ac 'cu> 

»* - = sin cfco = sin aOA = sin Lat. 
ac 

1 

So the time of rotation of pendulum = -.- ■ Y -r days. 

SIQ JLmb* 

Thus in Foucault’s experiment the pendulum swing rotated through 800° in 32 hours 
or 4 days. Since the latitude of Paris is 48“ 50', = o-7S (apprdxO "" 

not rotate. At the South Pole the line will rotate completely in a clockwise 
direction in 24 hours. At intermediate latitudes, the timeof rotation of the line 

is *r-i— days, as showninFig. 192. A large pendulum suspended from a 
sm 

high roof above a dial was exhibited at the Paris Exhibition by Foucault to 
show this phenomenon to the public. Foucault’s pendulum is now shown 
in one of the great museums of the U.S.S.R. 
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Fig. 193.—The GyuocoMPASs 

The framework of a gyrostat turns freely at A, and round the ^es BC and DE, w that 
the axle FG can point in any direction in space. If no force is applied to the frame¬ 
work, the axle FG will continue to point in the direction in which it was set when the 
flywheel was started. If, however, a turning force is applied to the framework, the axle 
turns, not in Ae plane of the force, but in a plane at right angles to it and contoues to do 
so, until the ptoe of rotation coincides with the plane of the tuimg force. This is why 
the gyrocompass turns to the north. If, for example, Ae axle FG is_at 
eastwards, it will tip upwards as the earth rotates. If the framework is provided with 
soSlSi of ballast (lirthe mercury tube in the figure), this will now exert a m 
force on the: framework. The axle will therefore turn at nght angles to 
force, until it poinm to the northi The axle will then return to the honzontal, and 
nimine force will cease to act. 
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Perhaps the most striking phenomenon which illustrates the earth’s axial 
motion is the modem gyrocompass now used as a substitute for the magnetic 
compass, which is no longer suitable because modern ships are made of iron 
and carry electrical machinery. It is essentially like the familiar gyrostatic 
top which consists of a heavy metal wheel mounted on two concentric rings 
with their axes at right .^gles (Fig. 193), so that it can rotate in any -plane. 
Anyone who has played with a gyroscopic top will have found that it resists 
attempts to change ±e direction of the axis of rotation, and turns instead 
in a plane at right angles to the plane of the applied turning force. If therefore 
tlie axis of rotation of a simple gyrostat is set towards any star it continues to 
stay so, while its orientation to Ae earth’s surface changes in accordance with 
the earth’s position relative to the star, i.e. as if the stars were fixed relative 
to the earth’s axial motion. The gyrocompass (Fig. 193) is an electtically 
driven gyrostat, provided with some form of ballast, so that a turning force 
comes into play when the axle tips owing to the earth’s rotation. The axle 
therefore turns until it points in a direction at right angles to the plane of 
the turning force provided by the ballast, i.e. horizontal and to the true north. 
The gyrocompass has thus the double advantage that it points to the true 
north in contradistinction to the variable magnetic pole, and is not affected 
by the magnetism of the steel plating used in the construction of a modem 
ship. 


THINGS TO MEMORIZE 

1. The Lever. Where D and d are distances from the fulcrum, and H and A 
are heights through which weights W and to are moved, WD = wd and 
WH = wh. 

2. Infcd plaae. = , 1 . (.^k rf „„pe). 

Balanced weight on slope 

3. Motion with constant acceleration. If the initial velocity is«, d = at + Jar* 
or, where motion is from rest, d - \at^. If the body rolls down a slope, 
fl s=^sin6, where h is angle of slope. If it falls vertically, sinli = 1, so 
0 = ^ = 32 ft. per sec.*, and d = 16r* ft. See also the four rules on p. 268. 

4. Force = mass X acceleration. 

1 poundal = force required to impart accel. of 1 ft. per sec,® to mass of 1 lb. 

1 dyne == force required to impart accel, of 1 cm. per sec.* to mass of 1 gm, 

6. Motion in a circle. Accel, towards centre = ( 27 r«)*r. 

6. Motion is periodic when: Accel = - hi whereie is displacement along 
a fixed line from a middle position. Both measured to the right. 

The period, T = -^ 


7. Stapl.p«dul-. T-3.V- 

8 . Kepler’s Laws. L Every planet moves in an ellipse, with the sun in one 
of the foci. 

11. The straight line drawn from the centre of the sun to the centre of the 
planet sweeps out equal areas in equal times, 
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HI, The squares of the periodic times of the several planets arc proportional 
to the cubes of their mean distances from the sun, i.e. r* « KT*. Hence accel. 

along the radius of the orbit = — 

r* 

9. Law of gravitation. F = G * where G is a universal constant, 
r 


EXAMPLES ON CHAPTER V 
Take g as 32/r. per sec}, unless another value is given 

1. Find the velocity at which a man must swim across a river 140 yards 
wide, if the current velocity is 2 miles an hour, and if he does not wish to 
be carried farther down the river than 40 yards. 

2. A marksman in an express train moving at 60 miles an hour sees a 
stationary object 100 yards away on a line at right angles to his line of motion. 
How far to one side of the object must he aim if he wants to hit it, the bullet 
moving with a velocity of 440 ft. per sec.? 

3. What is the resultant velocity of a ship heading in a northerly direction 
at 6 miles per hour, but drifting westward with the tide at 3 miles per hour? 

4. A trawler is steaming due north with a velocity of 16 miles an* hour 
and a north-east wind is blowing with a velocity of 10 miles an hour. Show 
by a diagram the direction of the smoke track. 

6. At a certain time one ship is 10 miles west of another. If the first sails 
north-east at 20 miles an hour, and the second north-west at 16 rmles an hour, 
how near do they approach? 

6. A stick 100 cm. long weighs 92 gm., and balances on a knife-edge at 
60-2 cm. along it. Where will the stick bdance if a 60 gm. weight is slung on 
it by a piece of thread at the 10 cm. mark? 

7. At what distances from the fulcrum can weights of 20, 40, 80, and 150 lb. 
balance a 60-lb. weight attached 1 foot 8 inches from it on the opposite side? 

8. What is the force exerted by a spring balance attached by a piece of 
thread to a metre stick, weighing 92 gm., at 90 cm., when the stick is resting on 
a wedge at 10 cm. and carries a 50 gm. weight at 60 cm.? 

9. Making no allowance for the weight of a 4-ft. _aowbar, what force 
(poundals) must the arm apply to one end of it to lift a weight of 1 cwt. (112 lb.) 
when a stone is placed under the crowbar 6 inches away from the end on which 
the load rests? If the load is 100 kilos give the force in dynes. 

10. A pole of 6 yards and of negligible weight has weights of 7,6,3 and 1 evrt., 
at 1,2,3 and 4 yards respectively from the end where it is hinged. What puUiiig 
power in hundredweights must be exerted upwards at the free end to sustain 

the weights? What is the upward pull exerted by the hinge? 

11. If a 4-ft. crowbar weighing 20 lb. is suspended by a cord 2J feet from 
one end, find what weight placed 1 foot from one end will balance a 6-lb. 
•weight at 9 inches from the other, taking into consideration the weight of the 

crowbar itself. , i. ^ 

12* A pole, whose weight can be neglected, rests on ihc shoulders ot two 
men. If the maximum weight one man can carry is 120 lb. and the maximum 
weight the other man can carry is 90 lb., how heavy a man can they carry 
between them, and where must he balance on the pole from the^sttonger mm 

13, A weight of ,60 lb. rests on a smooth surface. 
vertically will balance it, if the surface is tilted through 10, 30 , 46 , 60, 

and 90°? 
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14. The ends of a cord are stretched over two pulleys with weights of 3 and 
4 lb. respectively, If a weight of 5 lb. is attached to the cord between the 
pulleys what will be the angle.at the point of suspension? 

16, Making no allowance for friction, tabulate the acceleration of a billiard 
ball down a smooth slope tilted successively from 0“ to 90° in intervals of 10°. 

16. What are the distances traversed in 1 second, and the velocities acquired 
in that time, by smooth balls rolling down smooth slopes of inclinations 30°, 
46°, 60° ? 

17. Making no allowance for friction, find (with scale diagram or tables of 
sines): 

(а) How long it will take a billiard ball to traverse 1 yard along a slippery 
slope at 60° to the ground. 

(б) How far the ball will move along a slope tilted at 15“ in 6 seconds, 

(c) The speed of a ball which has traversed 2 feet on a slope tilted at 10“ 
upwards. 

(d) The speed of a ball after moving for 3 seconds on an inclined surface 
at 5° to the ground. 

In each case the ball starts from rest. 

15. A billiard ball starting from rest on an inclined glass surface describes 
40 feet in the third second. Wliat is the inclination of the plane? 

19. ’ If g is 32 ft. per sec. per sec. at a certain place, what is the value 
of i in cm. per sec. per sec.? If the metrical unit of force called the dyne is 
exerted on 1 gram to produce an acceleration of 1 cm. per sec. per sec., how 
many dynes correspond to (a) one poundal, (6) one pound weight suspended 
vertically? (1 kilogram 2.2 lb.) 

20. What is the mass in pounds of a body, if an S-lb. weight, hnng iti g ver¬ 
tically from a puUey, acts on it for 3 seconds, raising it with a final velocity of 
6 ft. per sec.? 

21. What force in tons weight dragging horizontally from a train of 200 tons 
mass going at 30 miles per hour will stop it (a) in one minute, (6) at a distance 
of 400 yards? 

22. What is the stretching force in the cable if a lift weighing one ton 
descends with an acceleration of 16 ft. per sec.®? Witli what force does a mass 
of 8 lb., lying on the bottom of tlie lift, press on the latter? 

23. Draw the speed time diagram of the motion, of a train starting from 
rest, having uniform acceleration for tlie first 16 seconds of its run, running 
f ^ute at a constant speed, and then coming to rest in 1} seconds with 
uniform retardation. What is its maximmn speed if the distance traversed is 
2,420 feet? 

24. If a train is brought to rest in If minutes, with uniform retardation, 
when it is moving at I mile per minute, how far has it travelled in this time and 
what is the retardation in feet per sec, per sec.? 

26. If the initial velocity of a body moving in a straight fine is u, and its 
velocity after moving d feet in t seconds with a constant acceleration a is % 
show that the distance moved can be determined from the formulae: 

(i) d = Ojf + \at^ 

(ii) d=Wf-->2)4.2fl^ • 

(fii) and when the initial velocity iaz^^^^ 

26. How high will a ball rise, and how long will it take to reach the highest 
pomt, it IS thrown Vertically upwards with a velocity of 2,760 yards per 
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27. A bullet moving in a straight line has a velocity of 6 yards per second, 
and an acceleration of 10 feet per second per second. How long will it be before 
the velocity is tripled and how far will tlie bullet travel in tliis time? 

28. A bdl is thrown vertically upwards and rises to a height of 10 yards. 
Find tlie velocity the ball must have been given and the time it takes to reach 
tliis height. 

29. How far must a ball fall from rest to gain a velocity of 20 feet per second? 
How much farther must it fall so tliat tlie velocity is increased to 30 feet per 
second? 

30. At what speed does a train moving with uniform acceleration run at the 
end of 4 minutes from starting up, if it traverses exactly one mile in the interval? 
Find also its acceleration in feet per sec, per sec. 

31. A cannon ball is fired horizontally from a 49-foot tower, with a muzzle 
velocity of 2,000 feet per second. Neglecting friction, calailate the distance 
from the tower at which the cannon ball will hit the ground. 

32. A bomb is dropped on a gasometer by an aeroplane flying horizontally 
1,000 feet above it. If the aeroplane is travelling at 60 miles per hour, what is 
the angle between the vertical and the line joining the bomb and gasometer 
when the bomb is released? 

33. If the muzzle velocity of a cannon ball is 420 feet per second and the 
range is 1,800 yards, find the angle at which the camion is tilted. 

34. A cannon ball is projected at an angle of 30°, with a velocity of 192 feet 
per second. When will it reach a height of 80 feet above the ground, and how 
flu from the cannon will it be at tliat instant? 

36. (o) If a cyclist takes a corner at 10 miles per hour in a curve of 6 yards 
radius, what is his acceleration towards the centre of curvature? (b) Find the 
central acceleration of a point on tlie equator in feet per sec. per sec. Take 
the earth’s equatorial radius as 3,962 miles and the sidereal day as 23 hours 
66 minutes 4 seconds. 

36. A motor cyclist goes round a circular racecourse at 120 miles per hour. 
Find how far from the vertical he must lean inwards to keep his balance (a) if 
iie track is 1 mile long, (6) if it is 880 yards long (see Fig. 180). 

37. A locomotive goes round a rarve, whose radius of ciuvature is | of a 
'mile, at 30 miles per hour. If the rails are 4 feet apart horizontally, how mucli 
higher must the outer rail be, so tliat the engine wheels exert no pressure 
outwards on it? 

38. By counting the beats over two minutes, test tlie formula for the period 
(p. 287) of a pendulum by attaching a button to a piece of cotton 1 foot, 2 feet, 
3 feet, 4 feet long, suspended by a loop from a drawing pin. 

39. What are tiie lengths of simple pendulums which make complete beats 
(forwards and backwards) in (a) IJ seconds and (6) in seconds? (Take g as 
32 feet per sec. per sec.) 

40. What is the acceleration due to gravity at a place where a simple 
pendulum, of length 37-8 inches, malces 183 beats (half periods) in 
^minutes? 

41. Show that a pendulum, 480 feet long, makes a complete heat in about 

23f seconds. ' 

42. What is tlie length of a simple pendulum, if on shortening it by 1 inch 
the period is diminished by -k of its v^ue? 

43. A seconds pendulum at a place where g is 981-4 cfii. per sec.® is taken 
to a place where g is 981'0 cm. per sec.*. Find how much it gains or loses in 
a'day.. 
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U. h simple pendulum, which should beat seconds (i.e. one whose half 
period is one second) loses 20 minutes in a week. How much per cent must its 
length be shortened to make it keep time? 

46. A pound weight is attached to the end of a piece of string 1 yard long. 
What stretching force would be registered by a spring balance, when the 
weight is swung in a horizontal circle so that it takes f second to make one 
complete circle? 

46. A wire of 497 cm. is stretched 0 • 36 cm. by a weight of ^ kg. How much 
would it be stretched by J cwt. and by 1 lb. if Hooke’s law applies over the 
whole range? (1 kg. = 2'2 lb.) 

47. If a weight of 1 lb. oscillating at the end of a spring executes a complete 
movement up and down in half a second, find the extension per lb. 

48. If a weight of 260 grams executes a periodic motion with a complete 
period of seconds at the end of a metal spring, what would be the period of 
oscillation of a 160-gram weight attached to the same spring? 

49. If Fi is the sea-level centrifugal acceleration at latitude L due to the 
earth’s motion and is the acceleration of a body under gravity at the pole, 
show that the corresponding acceleration under gravity at latitude L on a 
spherical earth is 

^90 - Fi. cos L 

With a similar figure show that if R is the radius of the equator plane, the 
radius of the latimde circle L is R cos L. Hence, taking R = 4,000 miles, 
calculate the values ofg at latitudes 50°, 45°, and 30° in ft. per sec. per sec. and 
cm. per sec. per sec. 

60. At one place A the value of^ is 983*0 cm. per sec. per sec. At a second 
place B it is 981*0 cm. per sec. per sec. One spring balance is calibrated at A 
and another at B. What will be the weight of a standard 10 lb. mass indicated 
on the scale of each balance at each place? at London = 981 * 17). 

61. If the force of terrestrial gravity varies inversely as the square of the 
distance from the earth’s centre, what would be the difference between the 
value of ^ at sea-level and at the top of a pealt 6 rrules high? How would a spring 
clodt and a pendulum dock which synchronize at sea-level behave in the two 
situations? 

62. A pendulum clock with a seconds pendulum* is carried in a balloon, 
which is ascending with a constant acceleration, to a height of 900 feet in 
1 minute. Show that the dock gains at the rate of roughly 28 seconds in an 
hour. 

63. A seconds pendulum beats 60§ times in 1 minute in a train, wliich is 
moving uniformly round a curve at 60 miles per hour. Show that the radius of 
the circular curve must be roughly 1,317 feet. 

64. At the top of a mountain a seconds pendulum loses 10 seconds in a day. 

How high is the mountain, and how many seconds would the pendulum lose 
when only halfway up the mountain? ' 

66. How high is a mountain if a clock, which gains 10 seconds a day, is taken 
up it and is found to lose 10 seconds a day? What is the difference in the 
accelerations due to gravity at the top and bottom of the mountain ? 

66. With the aid of Fig. 186, tabulate the radius of the latimde ckcle and 
the speed of rotation in miles per hour at Aberdeen 67° N., Edinburgh 66° N., 
London 61|° N., Falmouth 60° N., Paris 49° N., Philadelphia 40“ N., New 
Orleans 30° N., and Cayenne 6° N., taking the equator radius as 4,000 miles. 

* A seconds pendulum has a kZ/pmod of one second. 
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67. Taking the value of g as 32*26 (ft./sec.^) at the North Pole, use these 
measurements to calculate for each place at sea-level. 

(а) the value of g; 

(б) the length of the seconds pendulum in inches. 

68. Use the same data to calculate the daily retardation of a pendulum clock 

(a) set at Aberdeen and sent to Falmouth; 

(&) set at Paris and sent to Cayenne; 

(c) set at Philadelphia and sent to New Orleans; 

(d) set at Edinburgh and sent to London. 

69. Using the same data calculate how slow or fast a London pendulum 
clock would be if taken to the top of Mt. Everest (6^ imlcs high, Lat. 28° N.). 

60. If a man standing at the North Pole fired a bullet with a range of 3 miles 
and a mean horizontal speed of 400 feet pet second at an object 3 miles away, 
how far wide of the mark would it fall and on which side? 

61. If a cyclist is riding at 14 miles an hour with a wind blowing at right 
angles to his path witli a velocity of 10 miles an hour, show by a diagram or 
otherwise the direction of the wind relative to the cyclist. 

62. A man is walking due west with a velocity of 5 miles an hour. If another 
man rides in a direction 30° west of north, what is his velocity if he always 
keeps due north of tlie first man? 

63. A north wind is blowing at 10 miles an hour. If to a cyclist it appears to 
be an east wind of 10 miles an hour, find tlie direction and the rate at which he 
is riding? 





CHAPTER VI 


THE SAILOR’S WORLD VIEW 
The Warn Metaphor of Modmi Science 

We can only find our way about in space when we have learned to find our 
way about in time, and the accuracy with which we can ascertain where we 
are depends on the accuracy with wMch we determine the time when we 
happen to be there. Our own generation has witnessed a revolution which may 
prove to have more far-reaching results than the invention of the clock. A 
ship’s captain is no longer dependent on a chronometer set by Greenwich 
time at the beginning of a voyage. Standard time is transmitted from ocean 
to ocean by wireless signalsj and the very word wave has come to have a new 
meanin g- in the everyday life of mankind. Today the complete narrative of 
man’s conquest of time and space would have to tell how it has become 
possible to put any single being in instantaneous communication with anyone 
else on the planet which we now inhabit. At some future date it may even 
record how human beings learned to find their way across mterplanetary 
space. We must leave the way in which man has established die means of 
world communication till we come to the story of man’s conquest of power. 

Before we do so, we shall have to come to grips mth one of the most difficult 
concepts of contemporary science. The invention of wireless transmission 
was made possible by the theory of wave motion, which developed as a 
by-product of Newtonian science. In man’s earliest attempts to find his 
bearings in time and space the nature of light had already forced itself on 
his attention, The discovery of the telescope gave a new impetus to the 
study of optical phenomena. One result of this was Newton’s discovery 
that white fight is complex. Very soon after the invention of the telescope a 
Danish contemporary of Newton made the first telescopic maps of the moon’s 
mountains. Romcr also took up the study of Jupiter’s satellites. Having 
determined their period of revolution when Jupiter and the earth are on the 
same side of the sun, he calculated tiieir position when Jupiter is on the side 
opposite to the earth. An edipse of one of Jupiter’s moons occulted later than 
he expected. Being satisfied that this was not due to faulty instruments he 
concluded that fight does not travel instantaneously. To put it less meta¬ 
phorically, we do not see an event when it happens, A measurable interval 
of time elapses between a flash of light and the instant when we see it, This 
interval depends, like sending a message, on the distance between the sender 
and the receiver. 

At first sight it seems a far cry from the moons of Jupiter to the everyday 
fife of mankind in seventeenth-century Europe. In its own context Romer’s 
work was not so remote from practical application as it would have been 
if it had been undertaken a century later, when dock technology had reached 
a higher level. The determmatiou of longitude still remained a thorny 
problem. Judging from the prize they offered (p. 294), the method of lunar 
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distances which Newton advocated with appropriate corrections for parallax 
and atmospheric refraction required laborious calculations which did not 
commend themselves to the Admiralty. Otliers among Newton’s con¬ 
temporaries proposed to discard astronomy and use a co-ordinate based on 
the dip of the magnetic needle (see Chapter XIII). Failing a reliable chrono¬ 
meter, which was not available till 1760, the astronomer could only retain 
his privileged position as doyen of nautical science by devising a method 
as simple as the observations of eclipses or occultations. The only serious 
objection to this method is that celestial signals known before GalUeo’s 
observations on the moons of Jupiter did not occur very often. The objection 
could be met if other more frequent signals could be added. WMtakerh 
Almanack shows that fifty-six appearances or disappearances of Jupiter’s 
satellites could be seen at Greenwich after dark in 1936. There were only 
two visible eclipses and no planetary occultations in the same year. , 

Galeo himself seems (see p. 134) to have rdfized the practical import¬ 
ance of the discovery which brought him into conflict with the Inquisition. 
At the new Paris observatory where Romer worked with Picard, Richer, 
and otliers among the leading astronomers of the day, the Italian Cassini 
undertook the preparation of tables for calculating longitude by observations 
on the satellites of Jupiter, and his tables were used in the French Navy 
during the first half of the eighteenth century. In his book Histoire de la 
Longitude de la Mer au XVUle stick en France^, Marguet tells us: 

After 1690 the Gonnaissance des Temps gave the time of eclipses of the first 
satellite, 'calculated according to the tables of Cassini, and forty years later, 
from 1730 onwards, there were added to the ephemerides three other small 
moons of Jupiter known at this period. 

The determination of longitude by edipses of Jupiter’s , satellites merely 
depends on the known fact that the same event (Fig, 37) does not occur 
at the same solar time in two places on different meridians of longitude. 
Rdmer’s obsemtions showed that one event seen before a second event at 
one and the same place may really have happened later, The M conse¬ 
quences of this startling conclusion which has since (p. 330) been estab¬ 
lished by direct experimental proof in the laboratory is only beginning to 
be grasped. When we look at tiie moon we are really seeing what it looked 
like one and a half seconds before. Some nebulae are so far away that if our 
telescopes could bring them as near to us as the moon, we should only know 
what they looked like 140 milfion years ago. One result of Ronier’s discovery 
was to show how we can calculate the earth’s distance from the sun by 
observations on the stars. The calculation based on the assumption that 
the earth moves round the sun like the other planets, agrees with the distance 
calculated from the parallax of a planet, as explained on p. 341, and thus 
established Kepler’s doctrine more firmly than ever. ^ 

During the latter half of the seventeenth century the Paris Observatory 
undertook extensive enquiries to adapt and improve the telescope for astro- 
nbmical observations. In the latter half of the eighteenth century extensive 
improvements in the technology of glass renewed interest in the study of 
light. Some of the discoveries which resulted have been dealt with in a 
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previous chapter. Others which we shall now examine introduce a new feature 
of progress in scientific knowledge. 

So research into the nature of light received a renewed impetus from the 
star lore of the two centuries which witnessed a hitherto unparalleled grovrth 
of maritime communications and colonization. The way in which enquiry 
progressed was also influenced by the growth of another branch of know¬ 
ledge. Side by side with the study of light, a different class of physical pheno¬ 
mena, in which some progress had been achieved in very remote times, 
began to arouse interest. The origins of music are buried in a very remote 
past. For some reason, doubtless inherent in the structure of our organs of 
hearing, a certain sequence of sounds, the octave scale, came into widespread 
use at a very early date. Aside from Ptolemy’s experiments on refiraction 
and the mechanics of Archimedes, the construction of musical instruments 
provides one of the rare illustrations of exact measurement applied to terres¬ 
trial phenomena in classical antiquity. Pythagoras (see p. 77, Chapter II) is 
reputed to have discovered the relation between the length of a vibrating 
string and the note emitted, when stretched at constant tension. If the 
length of the vibrating portion is halved the string gives out a note an octave 
higher. If diminished to two-thirds, it gives a note higher by an interval which 
musicians call a fifth* If diminished to three-quarters a note called & fourth 
higher, and so on. 

The series of numbers called harmonical progressions in textbooks of 
algebra are a survival from the somewhat mystical significance which the 
Pythagorean brotherhoods attached to this early discovery in experimental 
science. Though there are few extant data concerning the way in which the 
producdon of sound was studied in ancient civilizations, there is no doubt 
that a keen interest in the improvement of musical instruments had prompted 
a clear understanding of the nature of the stimulus which excites our auditory 
organs. Thus Aristotle, whose views on other departments of physical know¬ 
ledge are usually worthless, knew that sound is communicated from the 
vibration of the string to our ears by movements of the intervening air, and 
was also familiar with the fact that a vibration occupies double the time when 
the length of a pipe is doubled. From the everyday experience of the interval 
between lightning and thunder-clap, or the influence of winds and echoes 
in an age when people lived more in the open air and buildings were not 
designed for acoustical perfection, there was ample evidence for the fact 
that sounds are reflected from solid surfaces, that they are transmitted through 
the motion of the atmosphere, and that they travel with a finite speed. 

It is not difficult to recognize how a variety of features in the everyday 
life of the middle ages conspired to revive interest in sound. In particirlar, 
three may be mentioned. The first was a noteworthy improvement in musical 
instruments. The Alexandrian mechanicians Ctesibius and Hero are known 
to have designed a hydraulic organ. A similar model has been recovered from 
Carthage dating about A.n, 200. The daily ritual of the Christian Church 
encouraged the use of instnunents suitable for choral accompaniment. From 
the church organ the device of the keyboa?:d was extended to stringed instru- 

* Thus in the scale of G (CDEFGABGh the interval GC, i.e. eight notes including 
both Cs) is m octm, CG is a fifth, C¥i fourth. 
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ments in the fifteenth century. Thenceforth the modem piano evolved from 
the clavichord, the virginal, and the spinet. During the sixteenth century the 
manufacture of musical instruments for secular use was developing into an 
important craft. In this milieu Galileo devoted himself to experiments on 
the vibrations of strings. The publication (1636) of Hammie Unwmelk, 
a treatise on the mechanical basis of pitch and timbre in stringed instm- 
ments, composed by his ecclesiastical disciple Mersenne, was the signal of 
renewed interest in acoustical phenomena. 

Two other innovations made a new instrument available for investigation 
into the theoretical issues arising out of the technology of stringed instru¬ 
ments. Hitherto no attempts had been made to find the speed with which 



Fig. 194,— Wavi-Like Motion Traced by a Pendulum on a Revolving 
Lamp Black Surface 

Just as the horizontal or vertical trace of a ckcular motion is a periodic motion of 
the pendulum type, the trace of the pendulum motion represented as a graph oi dis¬ 
placements and time intervals is a simple vfave-lilce motion such as ^ be propelled 
along a skipping-rope. The periodic time of the wave motion is the interval between 
two crests or two troughs next to one another. In this case it is 2, i,e. the pendulum 
is a “seconds” pendulum (period 2 seconds). 

a sound travels. The introduction of gunpowder into warfare made die 
experience of lightning and thunder claps more tangible. By using the new 
seconds pendulum to time the lag between the flash and the explosion at a 
measured distance from a cannon, Mersenne and Gassendi found die speed of 
sound to be about 1,400 feet per second. More accurate modem determina¬ 
tions give approximately 1,120 feet at 16° G. Boyle, Flamsteed of the Green¬ 
wich Observatory, and Halley in England repeated the observationR of 
Mersenne and Gassendi, obtaining results in closer agreement with the correct 
figure, as did also Cassini, Huyghens, Picard, and Romer of the Paris Observa- 

toiy, Progress was made possible by the fact that the eighteen^^ccn^ was 

a convenient device for measuring time in short intervals. ... 
aosely connected with this was another circumstance. Being without the 
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means of measuring short intervals of time, mechanics made little headway 
in antiquity. The dynamical principles which developed in the design of 
the pendulum clock were specially concerned with periodic, that is to say 
wave-like, motions (Figs. 194-, 196). A new logical technique drawn from 
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Fig. 195.~Connexion Between Rotary and Wave Motion 


We can find a fortdula for the wave-like trace of the pendulum by a model. The wheel 
rotates at fixed speed. At the start the radius of the wheel from which a weight is 
hung makes an angle 45° to the peg With the horizontal and this angle decreases at the 
rate of 45° per second. That is, the attitdar velocity of the wheel is — 46° or — 7r/4 
radians per second, if the positive direction of rotation is anticlockwise. After a time t 
(measured in seconds) this radius thus makes an angle 46° (1 — t) with the horizontal 
and the weight is a height xi above its mean position (horizontal radius), where 
fsin46°(l-^ t) 

More generally, if the radius starts at an initial angle a with angular velocity b, then 
3C(« r sin (u + it) 

a and i are constants which can be measured in degrees or radians. We can malte 
things simpler if we use a stop-watch and start it at the moment the radius is horizontal, 
i.e, measure t from the time when a = 0. Then 
=i= r sin if 

If the wheel revolves through 360° in T secSs., T is the periodic time (i.e. the time 
between two consecutive crests or two conse&itiVe troughs) and i, the angle through 
which ±e wheel revolves in one second, is 360°/T, so 
rsin360°f/T 

or measured in radians, 2 jr to a revolution 

*(= rsinS77f/'r 

if the wheel makes» revolutions a second, T - 1/n and 
rskhht , 

contact with the mechanical amenities of everyday life supplied the guidance 
which unaided intellectual ingenuity had failed to devise, and successfiil 
application of the new mechanics to the elastic vibration of strings furnished 
the due to new discoveries about the nature of light. 
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THE NATURE OF SOUND 

Nineteenth-century science inherited from the two preceding centuries a 
framework of metaphors drawn from a pre-existing technology. Navigation 
and water power have now ceased to play a prominent part in the daily 
experience of most of us. For that reason the analogy of “wave” or “current” 
is liable to mystify us unless we firmly grasp the significance they had for an 
earlier generation of scientific workers. To understand the wave theory of light 
it is first essential to understand how sounds are produced and communicated 
to our ears. 

Sounds may be produced by the vibration of a string as with the violin 
and piano; by the vibration of a diaphragm, membrane, or metal plate, as 



Fig. 196 


Simple apparatus for measuring frequency of a timing fork accurately. The tip of a 
penMum with a complete period of one half second just dips into the meremy makini 
contact in the signal circuit every half period when it reaches the vertical position. 


with the druiuj the gramophone, the heU or the telephone; by the vibration 
of a column of air as in a tin whistle or organ; or by concussion betwem 
solids or Hquids as when an explosion or splash is heard. Common to aU rihese 
sources of sounds is the fact that air is set in motion to and fro. If air k 
exhausted from a vessel in which an electric beU is suspended no sound Is 
heard when the current is turned on. 

That different qualities of sound are produced by different rates of vibration 
is easily shown in various ways, of which the simplest is to fix a hair or thin 
pointer of tissue paper to one prong of a tunmg fork, and trace a wave-Kko 
image of its movements, when struclt, on the smoked surface of a revolving 
cylinder (Fig. 196). If the speed of the cylinder is constant, two tuning forks 
which emit the same musical note will trace out the same number of crests on 
the same length of smoked surface, and tuning forks which emit different 
musical notes will trace out different numbers. The number of wave crests (or 
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troughs) traced out in a second is called the frequency of the tuning fork or the 
frequency corresponding to the note. It can be conveniently determined if a 
signal of essentially the same construction as an electric bell, designed to tick 
out seconds, is made to write on the revolving surface below or above the trace 
of the vibrations which the tuning fork executes. What are called pure musical 
notes correspond to a fixed frequency of some vibrating object bite the 
prongs of a tuning fork, the air column of an organ pipe, the string of a 
harp, or the diaphragm of a gramophone. The frequency of middle C is 261 
vibrations per second.* Few bodies when struck vibrate as a whole. So most 
sounds are combinations of notes of different frequency, harmonizing or 
otherwise with our aesthetic preferences. Hooke’s law of the spring shows 
how any body can. be made to execute vibratory or periodic motion when 
stretched^ and if you apply the argument on p. 293, you will see that the 
frequency of vibration of a string can be calculated from its length and mass, 
if Hooke’s elastic constant k has been previously foimd. Halving the length 
at fixed tension doubles the frequency and increases the pitch by the interval 
that we call an octave. 

Each vibration of a source of sound sets up an alternating sequence of 
compression and rarefaction in the air immediately in contact, as illustrated 
in Fig. 199. Whenever the air is compressed, the air in its immediate vicinity 
is rarefied. So a train of alternate regions of compression and rarefaction 
spread out in all directions from the vibrating source, just as ripples spread 
out from the spot where a stone strikes the surface of the pond. At any 
position in the wave train the air is alternately compressed and rarefied 
with the same frequency as the vibrator which produces the sound. Thus 
a pure musical note corresponds to a particular frequency of vibration in the 
air between the instrument and the ear. The proof of this lies in the pheno¬ 
menon of resonance, which is the basis of all reproduction of sound by 
instruments like the gramophone and telephone, or magnification of sounds 
by loud speakers. If a tuning fork is made to vibrate near another of die 
same frequency the latter takes up the note and is itself audible, when held 
close to the ear. This only happens if both tuning forks have the same 
frequency. The only way in which we can easily imagine how this could 
happen is that the air vibrates in unison with the two forks. 

A flat membrane or plate when struck emits a great variety of vibrations, 
and will consequendy resonate to a great variety. This fact underlies the 
construction of the gramophone. The instrument used for malr ^g the record 
is essratiaUy like the rae used for playing it. A flat diaphragm transmits 
vibrations in unison with the frequency emitted by a neighbouring source of 
sound to the holder of a hard steel needle, which makes minute indentations 
on the blank record. When a needle similarly attached to a diaphragm moves 
over these minute notches, it forces the diaphragm to execute similar vibra¬ 
tions which communicate motion to the surrounding air precisely similar 
to the air vibrations which were impressed on the blanlc record. The drum 
of the human ear is a resonator of a similar type to the diaphragm of the 
gramophone. It only responds to vibrations between a lower frequency of 
18 per second and an upper frequency in the neighbourhood of 30,000 per 

* New Philharmonic pitch. The old value 256 h used m our numcricd iUusttati^ 
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second. The limits are not quite the same for all people. Some individuals 
can hear the shrill squeak of a bat. Others cannot hear notes of such high 
frequency. The limits also vary very greatly in (Efferent species of animals. 
Some animals can guide their movements in the dark, because their ears 
pick up vibrations which our own ears cannot detect. 

The vibration of the air between one tuning fork and another vibrating 
in resonance with it might be imagined to happen in one of two ways. First 
we might suppose a colunrn of air surging to and fro tike a piston rod fixed 
between the two prongs, or a column of water forced backwards and forwards 
through a tube. There are several reasons why this cannot be true, one 
being, that sounds do not travel instantaneously. The only alternative is that 



Fig. 197.— Simple Appaeatus for Showing Interference of Sound 

the vibrations are transmitted through the air in the way described, just 
as ripples on a pond spread out from a region where a stone is thrown or a 
stick is stirred in it. This alternative is supported by two other phenomena' 
connected with the production of sound. One is interference, Ths other is 
the “Doppler effect,” 

Generally speaking, the effect of hearing two identical notes played 
together is an increase in the volume of sound. In certain circumstances 
simultaneous notes of the same frequency ftom two different sources inter¬ 
fere. That is to say, neither is heard. One way in which the phenomenon 
can be demonstrated is to strike a tuning fork, hold it near the ear, and rotate 
it by the handle. It will then be noticed that in certain positions, at the same 
distance from the ear, the sound is intensified, and in other positions no 
sound is heard. A better demonstration which shows the nature of the 
phenomenon is to blow a whistle in the end of a tube with two tos (Fig. 197) 
leading to the ear. If the length of one arm can be altered by a sliding tube 
like that of the trombone, the sound of the whistle alternately increases to 
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a and is silenced as the length of the adjustable ® J 

Linished or made gte.t«. In to device toe ,s» f 

the aif mm to and fro as a single column in each of the two arms Icaai^ 

m the SS the length rf one of them would not pievent the n) 

»ll“’i. Skeep^^ «ep with that in to othen ^ «tenau« 

theory that sound travels in altematog regions "f ““P”™ 

faction makes it easy to understand what happens. If to 

arms are not the same, a region of compression at the end ot one ^ 

S“^th a region of rarefaction at to end of the other, and vice vetaa 

alternately (Figs. 199 and 200). nwv'warv 

To form a clearer picture of the nature of interference, it s 
to recall that sound travels with a definite speed in a given ^ 

at Ifi^C. tills is about 1,120 feet per second. Ihe time which elapfe a 
between seeing the flash and hearing the noise of an explosion is 
proportional to the distance. For practical purposes we assume that the 
transmission of light from the source to the eye is 
is to say, the interval is negligible as compared with the time which clap&a 
between the emission of the sound and the moment when wc hear it. i o 
say that sound travels in air at about 1,100 feet per second, therefor^ meana 
diat if we are a mile away irom a gun, approximately 4| seconds will mter- 
vene between seeing the flash and hearing the sound, or 9| seconds if we arc 
2 miles away. Wifli modern apparatus, the speed of sound m water (about 
4700 ft. per sec.) can be found by connecting a miaoplione with an ekiixic 
signal recording on a revolving cylinder, while some debate umc-sigoai, 
like a vibrating tuning fork, gives a simultaneous time tracing. Inc micro¬ 
phone picks up an echo as well as the original detonation, The wave trace 
of tlie time marker gives the interval which elapses between the detonation 
and the echo. Thus if tlie time marker is a tuning fork emitting miaole i.., 
and 16 wave crests intervene between the two microphone signals, tlie 
terval is 16 -f 2S6, or one-sixteentli of a second. In this time {i) 
has reached the sea floor and returned, traversing twice the depth (a). &o 
if the depth is known, the speed is easily calculated, being 2d 1. 

Once this speed (s) is Imown the depth of any ocean can be found, by 
the same method, since d - frf. This is how “soundings” of ocean depths 
are made in modern oceanography. Another application of the speed of sound 
is made in warfare to determine the position of a concealed field battery, it 
an unknown situation X. Tliree microphones are placed at measured dis¬ 
tances from one another, and the intervds between the time when the sound 
reaies ie first and the time when it teaches the other two is ^recorded it 
headquarters with electric signals. The reconstruction is shown in Fig. 19S, 
The fact that sound travels with a definite speed implies that tiie path 
along which the disturbance set up by the vibrator proceeds must be divided 
up at any instant in a regular way, as shown in Fig. 199« The string of i 
violin or diaphragm of a tdeplwne vibrates to and fro, like a piston, prcstii^ 
on the neighbouring layers of air and sucking back. Mawr docs not cbtngc 
its state of motion instantaneously. The force with which a suctdicd spcioi 
or diaphragm presses or pulls on the air in contact with it is measured by tl^ 
acederaiion it imparts. This means that it takes time for a column of ilx to 
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niovc forward with the same speed as something pressing on it or pullmg 
it ho the string or diaiihragm ctm only move by forcing the air in front of 
it to occupy a smaller or larj'er space. A vibrator such as tlie string of a violin 
when stretched towiirds the hearer compresses the layers of air immediately 
in frtmt of it, and tliis regitin of high density moves forward with a speed S 
(Ivig. Ihh). It we call the time of a complete vibration T, wc may divide the 


■ • -:C 


I'JO. ll)8.-"SOU)ND HaNOING W AimUOT 
A, B, C w« stttioM wiib microphones at known dhtance* apart, The microphones 
reewd steuJMMtmsly wiUi wi electric signal and rimekeepMs (on the siune general 
prfndpk sujagcitcU by Fia, IVS) at Ilcadquatters. X is the Wdden field tattcry. The 
sound U beard Srat at A. At B it i« heard t second-i, at C, T seconds after A. If S is 
the speed of sound, it imvcls St feet during t and ST feet during T seconds. Hence 

XB-XA«St 

•XC-XA«ST . . 

D«»elk cird«i ifeoui B and C of radii. X8 - XA and XC - XA reupeedvdy,' The 
toatten of X ii now the trlgonometrittl problem of finding die centre of a drde 
which lust gnwei the ckcumfcrencc of the first two drclea lad dso passes through A. 

period bersTODi«forward swmg (1) and the next forward swing (13) into three 
phiws. In P) the fitrini has swung back to its unstretched position, and is 
odthet pressini on the ndghbouring kyen of air nor suddng them back, 
A quartet of a period later (in 8) it baa swung backwards ^ far as it will go, 
fodting on the ndihbotiring layers of air, and creating a region of low density, 
At the oad of the next quarter of t p«iod the string is again unstretched 
and the smtoundlng air ii at normal pressure. At the cad of another quarter 
period it has swung forwards as fiir as it will go, creating a region of high 
pressure la the kyws of ih just in ftont of it. During the complete period T 
the first com^neirimihas moved owacerttun distal ftom the string, where 
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the neighbouring air layers are also in a state of compression. So the distance 
W between two adjacent regions of compression (or two regions of rarefaction) 
in the track of the sound is the product of the time T and tlie speed Sj or 

W-ST 

If the string is vibrating with a frequency of «complete vibrations (forwar4 



Fig. 199 


Diagrammatic representation of successive changes of pressure in n sound track, 
starting from a vibrating string, showing how the speed of sound (S) is connected 
with the “wave length” (W) and period (T) of tune occupied by one complete 
vibration 

Speed “ Distance >r Time 
-W-rT 

If one vibration takes T seconds,"•» vibrations occur in one second, If the fisquetjugf 
is» per second ^ 



Hence 


SW« 
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bad to the forward stroke) per second) it makes one vibration in 1/n seconds, 



Hence, acawding to the hypothesis we are going to test, the speed of sound, 
the frequency of the vibrator, and the “wave-length” W, are connected by the 
simple formula; 

Sr.-.Wn 

The reason for calling the distance W a tom-lmith is that every layer of 
air in the track of a sound suffers compression and rarefaction in alter¬ 
nate half periods of the vibrator, fust as every particle of water in the 
path of an advancing wave alternately moves above and below the normal 
level of the water when at rest. If we could make a graph (Fig. 203) by 
pkuiing time along the x axis and the pressure of any thin slice of air in 
the sound track ahawc (-I-) or below (-) the normal pressure of the air, it 
would be exactly like a graph of the upward and downward movements of a 
cork, floating on water as a wave progressed along the surface, made by 
plotting time along the x fctis and the displacement of the cork above (-1-) 
or below (• •) the resting level of the water along the y axis. It would also 
be mathcmatiaily equivalent to the horizontal or vertical displacement 
of a body moving In a circle, as seen in Fig, 105, 

We have seen that the phenomenon of interference is very difficult to 
explain by any hypothesis other than the one which is illustrated in Fig. 109, 
and we can now put it to a mom severe test, To be useful it must do more 
than explain how interference might occur. Since a scientific hypothesis is 
fint and foremost a guide to conduct, it must tell us how to MtabHsh the 
conditions In which intcrfeOTce will occur. For simplicity we will take 
as the source of sound m an apefiment like the one in Fig. 107, a tuning 
fork giving 2flO complete vibrations per second (just below middle D and 
above G sharp). To m^e the alciflition simple let us also suppose both arms 
A and B in Fig. 107 arc 10 feet long. Tk wave-length of the note in air is 
given by 

1,120.^'^ 280 W (feet) 

W«4fcet 

So, to begin with, the sound track In each arm is 2| wave-lengths (Fig. 200), 
Imagine an instant of time when the air in the neighbourhood of a prong 
of the tutung fork may be raicEed. At the point where both arms lead into 
the earpiece a region of tompression will then exist, Half a period later ^thc 
air at the bcginnmg of the sound track will be compressed, and at the earpiece 
it will be rarefied. Suppose that we now atend the arm B to 12 feet, nig 
it half a wave-length longer. Tlic disturbance at its end will k a compression 
when the disturkac® at the end of A is a rarefaction, and vice versa. In the 
etrpicr» compressions and rardfactions arrive together, each neutraking the 
effect of the other. So the air in the earpiece will remain at rest md. no sound 
will be heard. If B is now extended to 14 feet (3| W) so that it exceeds tlie 
length of A by a complete wave-length, the air at the ends of both tubes vdU 
be in a state of low, normal, or high pressure simultaneously. The sound 
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will be loud again. On extending B by another to 16 feet silence will 
result, and so on. In practice the apparatus shown in Fig. 197 is not the best 
type for putting the hypothesis to the test of actual measurement, since the 
sound track does not follow a straight line. However, it is easy to devise 
apparatus with which we can show with great accuracy that silence occurs 
at any point where the disturbance, arriving along one sound track, differs 
by a half a period, or an odd number of half periods, from the disturbance, 
arriving along another sound track, from the same vibrator. 
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We can also infer the existence of a phenomenon which we now encounter 
in everyday life, though the circumstances for verifying it did not exist when 
our present belief about the nature of sound was first tested out. If you have 
been standing by a railway track when an express is blowing its whistle as 
it passes you, you may have noticed a sudden change of pitch at the moment 
of passing. This is an example of what is known as the Doppler effect, after 
the physicist who pointed out its existence, as a necessary consequence of 
tlie tlieory, before it had been noticed. Its chief interest lies in its bearing 
on the nature of light. To understand it, we must draw a distincdon which 
is not necessary so long as we suppose that the person who hears a sound 



Fig. 20l.~SEvamENra-CENTimY Illustration or Glass Jar Connected with a 
Vacuum Pump to show that the Sound or the Bell is Only Heard When Air 
is Present in the Jar 


Fig. SOO.—Interrerence in Two Sound Tracks Dierering by Half a Wave-Length 

There are several other ways in which this view of the nature of sound 
can be tested. In the last chapter we found that Hooke’s law allows us to 
calculate the ftequency with which a weight bobs up and down if we know 
the density, physical dimensions, and elastic constant K,of the spring. Air 
also has lie characteristics of a spring, and Hooke himself established an 
analogous law for the “spring of Ae air” as he called it. If we have found 
the elastic constant for air, we can also calculate the frequenq with which 
a column of particular length will vibrate. Hence the frequency of the note 
given out by an organ pipe can be calculated, and so also, as Newton first 
irshowed, the velocity of soimd in air.* As a check on the hypothesis both 
these quantities can be found by other means. 

* The frequency of a vibrating string is given by « « where n is the number 

of vibrations per second, I is the length in cm., F is the force or tension in dynes and 
tn the mass of the string in gm. per cm. length. 


i is at rest relative to the source of sound, or moving at a slow speed compared 

I with the speed of sound in air. To begin with we distinguished musical 

I notes by the frequency or period of the vibrator. Thus middle C is the note 

' which we hear when a violin string vibrates as a whole, with a frequency of 

256 vibrations per second or a period of liith of a second, If we are, com¬ 
paratively speaking, at rest this is transmitted to us along a track in which 
i at any given instant successive layers of compression or rarefaction are 
separated by a distance 1,120 v 266 = 4 feet 41 inches. We might there¬ 
fore equally well say that the note we are describing is one which reaches us 
by a sound track of wave-length 4 feet 4| inches. Suppose, on the other 
hand, that we are moving rapiSy in the direction of a source of sound. The 
time taken for a disturbance, starting at the vibrator, to reach our ears will 
be less or greater, according as we are moving towards or ; away ft 
i Relatively to ourselves the speed of sound is greater or less than it would be 
if we were at rest . The speed of a sound relative to anybody who hears it is W«. 
So if the relative speed of sound changes, either W or n must be different from 
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its previous value. We might therefore say that the wave-length remaius the 
same, and the vibrator appears to have a different frequency. Since the fre¬ 
quency of the vibrator is directly measurable, we may equally well prefer to 
say that the wave-length has changed. Whichever we choose, the fact remains 
that the vibrator no longer appears to have the physical characteristic which 
defines the particular note which we heat when we are at rest. 

The argument is more easy to grasp if you consider the person hearing 
the sound to be at rest, and the source like the engine whistle moving towards 
or away from him. If fhe vibrator in Fig. 199 is at rest along the sound track, 
a compression starting as in (1) covers a distance W during one complete 
period of vibration, by which time another has been generated In the period 
T the distance covered would be ST feet. This is then the actual wave¬ 
length of the sound track. If the vibrator is moving in the direction of the 
sound track travelling towards the observer with a speed v, it will move 
forward through vT feet in a time T and the next compression begins 
ST — tiT feet behind the preceding one. Thus the wave-length will not 
be ST but (S - o)T. If the source moves away from the person listening 
to the sound, it will be ST -|- ®T feet from the wave front when the next 
compression is generated, and the wave-length will be (S -j- v)T. So at the 
moment when a train passes by a person listening to the whistle, the sound 
experiences a sudden increase of wave-length from (S - v)T to (S -f v)T, 
i.e. by an amount 2vT. 

To make this more definite, imagine an aeroplane flying at 191 miles per 
hour or approximately 280 feet per second, close to a high building from 
which a steam whistle is blowing, the pitch of the whistle being two octaves 
above middle C, i.e. a frequency of 1,024. As it approaches, the wave-length 
fl 120 — 2801 

of the sound is ^ ft. = 10 in. (approx.). If the aeroplane were 

at rest a wave-length of 10 inches or 5/6 foot would correspond to a frequency 
of approximately 1,344 vibrations per second. A vibrator of this frequency 
would emit a note nearly a third of an octave higher than one with frequency 
1,024 on the natural scde. So the aviator hears a much higher note than the 
man in the street. On passing the building the wave-length of the sound 


which reaches him 


. (1,120-1- 280) 


1 foot 4 inches (approximately). A 


sound of this wave-length would correspond to the note given out by a 
vibrator of frequency 840. So the aviator hears a note about two-fifths of 
an octave lower than the man in the street. The total change which the 
aviator experiences as he passes over the building is a sudden increase of wave¬ 
length 2»T, i.e. 560 - 1,024 feet or approximately 6 inches, 


THE NATUKE OF LIGHT 

Although the hypotheses which have been advanced in the study of sound 
involve difficult reasoning, they do not come into violent conflict with our 
first-hand impressions of nature. Similar hypotheses, which have been very 
fruitful in leading to the discovery of new knowledge about the nature of 
light, introduce us into a realm of bewildering paradoxes if we start with 
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wrong ideas about the nature of scientific enquiry. Science is not a photo¬ 
graphic picture of the real world which exists independently of our views 
about it, and will continue to exist when we are no longer part of it. It is an 
ordnance map which guides us in finding our way in it. The mountain 
peaks are not painted brown because they really are of that colour. The 
brown is put there to show us where it would be waste of time to build a 
railway track or appropriate to erect a sanatorium. The enduring fact about 
the. real world is that there is (at the time of spealting) a mountain peak in 
such and such a place. The colour is the hypothesis which is useless without 
the key provided by the colour scale at the foot of the map. If you grasp 
tills firmly you will find no paradox in the statements that light travels in 
waves, and that there is nothing in which the waves travel. 

Much that is written about science for people who want to know more 
about it merely consists of a scaffolding of metaphors of this kind. To say 
that light travels in waves is a metaphor which means as much as the brown 
colour of the mountain peak. Everything depends on whether you know 
the colour scale which tells you the height. Useful and fruitful facts are the 
permanent contribution of scientific enquiry to the edifice of human know¬ 
ledge, and hypotheses are the scaffolding of metaphors. This may be illus¬ 
trated by taldng a useful and fruitful fact of great antiquity. To say tliat the 
obliquity of the ecliptic is approximately 23f makes it possible for anyone 
to calculate his latitude, knowing the day of the year, or to find the day of 
the year if he knows his latitude. Its usefulness as a guide of conduct is not 
diminished in the slightest degree, even if we no longer accept the hypothesis 
which led the Babylonian priesthood or the Chinese astronomers to discover 
it about three thousand years ago. 

Romer’s hypothesis, that light travels with a finite speed, followed about 
thirty years after the first determination of the speed of sound by Mersenne, 
who perfected the seconds pendulum. Four of the satellites of Jupiter revolve 
very nearly within the plane of its orbit, and are hidden in its shadow once 
in nearly every revolution. Romer had determined their periods and orbits 
accurately enough to know how much error could arise in calculating at what 
intervals eclipses will recur, and the calculation can be verified whenever the 
Earth and Jupiter are in the same position relative to the sun. On calculating 
the time of an eclipse when Jupiter was near conjunction from the time at 
which a particular eclipse occurred when it was in opposition, he found 
that the observed time was retarded by 16t minutes. 

There are several conceivable ways in which he might have modified his 
original hypothesis. For instance, propinquity to the earth might exert some 
specific itifluence on the motion of the sateUites. Alternatively the explana¬ 
tion does not lie in their motion, but in the conditions for observing them. 
The second possibility is suggested by our experience of sound. Suppose at 
one place we observe that a gun fires at exactly noon every day. If we set a 
watch accordingly, and move ten miles farther away from the gun, we shd 
not hear it when the dial points to 12 on the following day. The sound will 
reach us about 47 seconds after noon. This retardation is not the only physical 
fact conveyed by saying that sound travels with a certain finite speed. By 
itself it might be due to the fact that the time of firing changes every time 
, ■ L* 
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we happen to move. THs can be rejected for two reasons. One is that the 
same experience also happens to other people. The other is the measurable 
time which elapses between hearing a sound and its echo. 

According to Romer’s observation, an event which was timed for, let us 
say, midnight occurred at 16f minutes after. This retardation, which occurs 
when the distance of Jupiter is increased by the width of the earth’s orbit 
(2 X 93,000,000 miles), is one of the physical facts implied by saying that 
light travels at a speed of 


2 X 93,000,000 
161x60 


= 186,000 miles per second 


However, there is mote than this implied in the stament that light 
“travels” at 1S6,000 miles per second. We can make various calculations 
analogous to, those which we have made in connexion with measurements of 
sounds, if we pursue the metaphor- suggested by the tra^i: of bullets, as 
Newton did, or by a succession of ocean waves, as Huyghens preferred to 
do. Thus astronomical retardation agrees with measurements that can be 
made in the laboratory corresponding to measuring the retardation of an 
echo. It is possible to measure the interval which occurs between Ae time a 
beam of light leaves its source and is reflected, back again. This interval 
depends, like the retardation of a sound echo, on the total path which the 
beam of light traverses,. 

A simplified apparatus shewing, the essential: features for measuring the 
ratio of the distance to the retardation, i.e. the speed with, which light 
“travels,” is seen in, ;?ig. 202, Light falls from the source Son a semi-trans’- 
parent mirror at A. Some of it passes through the latter,, and some of it ia 
reflected towards another mirror C, situated at some considerable distance 
(e.g. about, 10 miles), Near A at B there is a toothed wheel between the notches; 
of which the light has to pass on its way to C and on its return journey to the 
semi-transparent mm A where souje of it passes throngb to be seen by the 
eye, If the wheel is rotated at a low speed the brightness, of the beam wbich 
reaches , the eye is first reduced tmtil ,it eventually disappears when a certain 
speed is reached. Then it reappears.and on doubling the, speed it becomes 
bright again. A fiirther increase r^ults in dimming and so on* If we compare 
the incident and ,reflected;light, to a shower of bullets bouncing back-from a, 
target along their original path, thereaiustbe a speed of rotation at which the 
light passing through the middle oif a notch has only just enough time to reach 
the mirror C, and get back to the wheel before the next .tooth obstructs-its 
patli, so that all the light reflected from the first mirror is intercepted ar its. 
return journey, If « is the speed at which disappearance first-occurs,, the 
time taten for this to, happen, when the wheel has teeth, as shown, in itha 
legend of Fig. 202, is 

" - . ■ 1 ■' 


During this time the light traverses twice the distance D between B and C, 
so the speed of light is 
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If the speed is further increased to m revolutions, the wheel rotates from the 
middle of a notch to the middle of the next tooth but one. This is the speed 
at which disappearance next occurs, the speed of light being 

2D-f = tMD 
2m 

Of course, m must be approximately three times n, if tlie reasoning applies 
to the facts, and the two determinations should lead to the same result, 

Whe£ 


CB is vmmdicmpdrd 

•mh ph 





Fig. 202 .—Simplified Appaeatus for Finding the Speed of Light 
If there are x equally spaced teeth and notches (8 in the fitmte for simphcuy) and a 

is the angle between the middle of a notch and the middle of the next tooth. 


'iX . 

i.e. a« 30® if there are 6 teeth and 6 notches. A wheel turns through 360 “' m one 
revolution, If it rotates at n revolutions per second, it goes through (360 x «) m 
second, and toough one degree in ^ 

— seconds 


and through a in ^ ^ * gj seconds 

This is the time taken to rotate between the middle of a “tcli and 

nm tS ^rotate between the middle of a notch and the middle of the next tooth 

but one, it must go through an angle 3fl, i.e. 


■« T— seconds 


3 300 , 

- X — degrees 


A I* ■ 

If the speed of revolution is then m per second, the time taken to do this is 
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Actually it is best to take the average of the two. For instance, suppose the 
wheel B and the mirror C are 6 miles apart, the number of teeth 720 and 
the speeds of rotation at which disappearance occurs first and next are 13 and 
38 per second. We have now two values for the speed of light 

4 X 13 X 720 X 5 = 187,200 miles per second 

f X 38 X 720 X 5 = 182,400 nules per second 

The mean in this case would be 184,800 miles per second. Terrestrial 
determinations of the speed of light agree with the astronomical estimate 
with an accuracy of one part in ten thousand. 

' According to the reasoning used in the design of this experiment and the 
calculation of results, the situations in which changes in the real world 
excite our organs of hearing and vision resemble one another in three ways. 
Using the customary abstract noun as a convenient metaphor, we say three 
tilings about light. First, light follows a definite path. The space between 
a source of light and the eye has local characteristics. If it is charged with 
dust particles a “beam” is visible to a second observer, and shadows are 
only cast where objects are placed in the region limited by the beam. Second, 
a beam of light can be turned back on its own course, or as we say “reflected,” 
like the echo of a sound. Third, the time at which an object appears to be 
visible depends on how far it is separated from the observer’s eye. 

But for one unfortunate circumstance there would be nothing remarkable 
about these similarities. Hearing is only possible if there is a substantial 
connexion, e.g. air or water, between the organ of hearing and the source of 
sound, or between any resonator which acts as a source of sound and another 
vibrator to which it responds (Fig. 201), This is not true of light. We an 
see objects separated from our eyes by space which is not filled by anything 
which we can weigh. If, for instance, an electric light bulb and an electric 
bell are suspended in a bell jar from which aU the air is exhausted, the beU 
becomes inaudible till air is readmitted, while the light is just as visible 
throughout the experiment. This is a formidable objection to pursuing the 
analogy further. When we say that sound travels in waves, we mean two 
things. One is that at any region in the sound track, the air or other medium 
becomes successively more and less dense than it would otherwise be. The 
other is that at any instant of time a measurable distance separates successive 
places where the medium is more or less dense. The first is what we mean by 
frequency. The second is what we mean by wave-length, and the two are 
connected with the speed of sound in a definite way. Since light can pass 
where there is nothing weighable, its path cannot be mapped out in regions 
of varying density in a literal sense. Consequently the similarity seems to 
breakdown. 

In spite of this there are a variety of facts about light which encourage 
us to look for fiulher similarities, and we may be less surprised to find this 
is so if we bear in mind the real nature of tihe similarity between a sound 
wave and a wave of the sea. The fundamental similarity is that the displace¬ 
ment of a particle of water in the track of a sea wave and the density of a thin 
layer of air in the sound track can be represented grapAica//j; in the same 
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form (Fig. 203). Measurements which involve the way these quantities vary 
from time to time can, therefore, be expressed algebraically in the same fi)rm. 
The resemblance between two patches coloured dark brown on an ordnance 
map does not lie in the physical property of colour, Mountain peaks are 



--W-•> 

Fig, 203 


The graphical representation on the variations of density in a sound track is a wave 
form, 

generally wlfite. The key to die resemblance, implied in saying that sound 
is a form of wave motion, lies in the sort of maAematics which is used in 
connexion with sound measurements. 

A phenomenon which encourages us to search for similarity between the 



FiGfc 204 

Obstruction of light by wo crystals of Tourmaline placed with their long axes at right 
angles. 

kind of measurements which we can make in studying light on the one 
hand and sea waves on the other, is a change which sometimes occurs wm 
a beam of fight passes through a mineral crystal. This phenomenon called 
polmzation was first studied by Huyghens. It is very we l seen wh n s 

beam passes through a crystal of tourmaline cut mto two slices p ^ 

iflong axis. If the slices are placed in line so that the jong axes are 

parallel (Fig. 204) a source of fight can be seen through 
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as brighlly as when the crystals are taken away. There is no visible change 
if both hdves are rotated simultaneously. If one is rotated slightly while the 
other is held in position, the source becomes dim. When the long axes of 
the two crystals are at right angles darkness results. Rotation through 
another right an gle restores the original brightness. The crystal acts like a 
grating. It only allows some of the light to pass through, and the part of 
the beam which does so can pass through a second crystal in which, to 
use the same metaphor, the slits of the grating are parallel to those of the 
first. Though a hailstorm of bullets might seem a more appropriate parable 
for the experience that light passes through a vacuum, the analogy of 
waves is the only one which fits polarization (Fig. 206). Bullets could pass 
freely wherever the slits of the grating crossed. Waves sent along a skipping 
rope held between the slits of a grating can only pass if they occur in the 



Fig. 206,—Waves Like Displacements Along a Skipping Rope Obstructed by 
Two Slits AT Right Angles 

plane of the slits, and are completely obstructed by a second grating with 
slits at right angles to those of the first. 

The wave analogy was suggested by Huyghens, the bullet analogy by 
Newton. Newton’s reputation was in the ascendant, and further theoretical 
interest in optical theory declined after Newton’s work on the spectrum, till 
practical scientific instrument malcers solved the problem of making achro¬ 
matic lenses. The issue of Dollond’s patent in the latter half of the eighteenth 
century prompted a commercial demand for large telescope lenses of high- 
grade glass, and the renewal of interest in the theory of light followed the 
invention of a process for making optical glass in thick homogeneous slabs 
during the closing years of the same century. There was steady progress 
during the first three decades of the nineteenth century, an enormous im¬ 
provement in optical instruments, and with it a new iive to theoretical 
research. For example, the Committee of the Royal Astronomical Society 
commissioned Faraday in 1824 to investigate the ^emistry of optical glass 
produdon; and Foucault, the French physicist, invented new methods for 
polishing large discs of flint glass. In England Young, and in France, where 
Laplace was the centre of an influential school of astronomers, Foucault and 
Fresnel, returned to the problem which had been neglected for more than a 
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centey, and elucidated the phenomena of interference and diffraction 
which had emerged already in Newton’s work on colour fringes. 

You may say Aat Huyghens’ hypothesis was merely reasoning from 
analogy, In our childhood and adolescence we are continually warned against 
the fallacies that beset this method of argument. The truth is that analogy 
is a very powerful instrument of scientific reasoning, and most of the really 
fruitful known facts about nature have been discovered by reasoning from 
analog, often analogy of a verj^ crude kind. Analogy like any otlier mstra- 
ment in the technic|ue of reasoning is helpful or harmful according as it is 
used to suggest further enquiry or to close the door to it. If, lilte a man of 
science or a craftsman, you want to get something done, you cannot afford 
to run the risks of inexperience. So analogy will point the road to new dis¬ 
coveries. If, like an economist, you want excuses for leaving things as they 
are, analogy will provide you with as many as you want. 

Among the class of fruitful facts which the wave analogy has stimulated 
people to discover, the phenomenon called interference provides the simplest 



Fig. 206.—Interference Bands Formed by Two Mirrors on a Screen 

illustration of the way in which the same kind of mathematics can be used 
in calculating measurements of light or waves. We have seen in what cir¬ 
cumstances two sounds can combine to produce no audible effect. In 
analogous circumstances two beams of light can produce darkness. To 
demonstrate interference of sound directly we have to use sound tracks 
of the same wave-length, and this is generally done by forcing sound to 
reach the air by paths of different length from the same vibrator. The 
white light by which we usually see things is not pure. It is a mixture (p. 169) 
of several kinds of coloured lights, just as most of the sounds we hear are 
the result of simultaneous vibrations of different frequency. If two notes 
of a chord were sounded together in a tube like the one shown in Fig. 197 
we should not get complete silence as the result of changing the length of 
one arm. An extension of the adjustable tube sufficient to produce inter¬ 
ference, of one note would not lead to extinction of the other. Increasing its 
length would result in hearing first one note alone, next the other note alone, 
then the complete chord, and so on, Many situations occur in which we see 
a region of brightness split up into bands corresponding to the complete 
chord (ff the spectrum alternating with coloured fringes like the spectra 
product by prisms. You have probably seep this effect when the moon is 
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surrounded by clouds, and you can always observe it by looking at the sun 
between the gap of two fingers pressed close together. In the laboratory it can 
be produced in various ways, such as focussing light on a screen from a narrow 
slit through two edges of a prism simultaneously, or by reflection from two 
mirrors inclined at a very small angle. Another way is to make light pass 
through a very fine grating of parallel slits, like the fine slits between the hairs 
of your fingers. When pure spectral light, like the yellow glow produced when 
a pinch of common salt is thrown in the non-luminous flame of an oil cooker 
or blowpipe flainfi, is used instead of white light, bands of pure coloured light 
alternate with streaks of complete darkness. 




The distance which separates these interference bands has a definite 
relation to the conditions of the experiment. It varies according to the dis¬ 
tance of the source and screen from the prism, etching, or mirrors, the angle 
of inclination of the mirrors or prism faces, and the distance apart of the 
etchings in a "diffraction” grating. If the same conditions are reproduced the 
bands are the same distance apart so long as the same kind of pure light 
is used. So we can associate a particular measurement with light of a particular 
colour, just as Pythagoras found that a particular length of a string is charac¬ 
teristic of a particular musical note. By itself, the discovery of Pythagoras 
could not tell Ctesibius how long to make the pipes of his organ. So likewise, 
by themselves, the measurements which tell us hpw to get interference bands 
for a certain kind of light with two mirrors do not tell us how to get the same 
result with a prism. Before it was possible to calculate the dimensions of an 
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organ pipe, which will give a note equivalent to one produced by a string 
of known length, tliickness, tension, and elasticity, it was necessary to find a 
number, which defines it independently of the nature of tlie instrument used 
to produce it. This number is its wave-length. 



Fig. 208.— Calculating the Distance Apart of the Two Images from the Same 
Source When Two Mirrors are iNaiNED To one Another at an Angle 180°-J, 
h Being Small 

The i mBeft of the slit S in the upper mirror appears to be at A, the same perpendicular 
distance (AX) behind the mirror as separates the mirror from the slit. The ray so 
striking the mirror at its edge 0 also appears to come from A at the same distance 
from 0 as S, i.e. OA = OS. The image of S in the lower mirror appears to be at B, 
and for the same reasons SY «= BY and OB = OS. Hence OB = OA and the two 
images A and B, together with S the sht, lie on the same circle of radius OS = r. 

The triangles ZOY and ZXS are both right-angled with a common angle c. So the 
third angles b are equivalent. The angle ASB (= b) stands on the same arc as AOB, 
and since me angle which an arc subtends at the centre (0) is twice the angle it 
subtends at any point (S) on the circumference, AOB = ib. If b is measured in 
degrees, the length of the arc AB is 

2ot X 26 iirrb 
360 ’ ' 860 

If b is very small the arc AB differs by a negligible quantity from the chord AB 

wMch is the actual distance of one image from the other. 

So although a wave is merely a metaphor, a wave-length, if we care to 
use the same expression, is not. The . number which enables us to make 
measurements on the interference of light embodies a physical truth about 
the way in which we succeed in making correct measurements of chanp 
which occur in ie real world. By pressing the analogy of wave motion 
farther we obtain a set of numbers which have a relation to different regions 
Of the spectrum similar to the relation between the wave-lengths of notes in a 
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musical chord. A wave-length in sound is a number applied to a distance. 
One of its characteristics is that if the distance traversed by two sound tracks 
simultaneously reaching the ear from the same vibrator differs by half the 
distance called the wave-length of the note it gives out, no sound is heard. 
Clearly, there is no reason why we should not find a corresponding distance 
connecting the length of two beams of light which reach the eye from the same 
source. With two mirrors this can be done in the way shovra in Figs. 207 
and 208. 

The mirror experiment depends on placing the source of single-coloured 
light, which is a thin slit (S), in such a position that the paths of any two rays 
reflected on the screen from the two mirrors are of unequal length. Light from 
a plane mirror appears to come from a point equidistant behind it. The paths 
of any two rays which meet at a point on the saeen where they reinforce 
or interfere are equivalent to the distance of the point from the images 
(A and B) of the slit behind the two mirrors. If the mirrors are tilted towards 
one another through a very small angle b (i.e. the angle between them is 
180° - h), so that the distance of their common edge from the slit is r, you 
will see from Fig. 208 that the distance between the images (d) is related 
to their distance (r) from the source of light by the simple formula 

d=^ (when Hs measured in degrees) 

So to get the distance between the two images it is only necessary to measure 
the angle at which the mirrors are inclined and the distance of their common 
edge from the slit. At any point P or Q along the length of the illuminated 
patch where the two reflected beams overlap on the screen, ±e pa±s of the 
two refleaed rays differ by a small distance which is calculable. If the differ¬ 
ence at P is p and the difference at Q, separated from P by the distance PQ, 
is 5 , Fig. 209 shows that if the mid-point between the two images is separated 
from the saeen by a distance D 

■■■- 

If the screen is separated from the common edges of tlie two mirrors by a 
distance s, and is perpendicular, or nearly so, to the plane bisecting the angle 
between the mirrors, D = s •+• r. According to what we have agreed to mean 
by a wave-length, if P is a point in the middle of a dark interference band, the 
difference in the length of the paths traversed by the interfering rays is either 

a wave-length, or 1| wave-lengths, or 2| wave-lengths and so on. For sim¬ 
plicity suppose it is 3|W. Interference will next occur if the difference of 
the paths is 2| or 4|W. So if Q is the middle of the nearest interference band 
separated from P by the distance PQ, q is either 2|W or 4|W. Whatever p is, 
the difference between p and j is always W, i.e. 
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The distance (PQ) between the middle of adjacent streaks of darkness can 
be measured accurately with a microscope. It is then found that the value of 
W for yellow sodium light (from common salt) is 0*0006893 millimetre 
(0*0000232 inch). 



Fig. 209.—Difference Between the Length of Two Rays Impinging on the 
Same Point (P or Q) of a Screen Equidistant from Two Sources of Light 
A AND B 

The point P is separated by a distance x from 0, the point vertically opposite the mid¬ 
point of the line joining A to B. The distance of the sources from the screen is D and 
from one another d. By Pythagoras'theorem 

AP» = (|d + *)‘ + D« 

= + d* + -h D» 

BP“ = (id--»)« + D“ 

= id2-d* + *> + D» 

.*, AP»-BP = 2dx 
.*. (AP-BP) (AP + BP)=»2d3{ 

If P is near 0, and D is g^eat compared with d, AP + BP does not differ appreciably 
from 2D. 


dx 


If Q is another point and OQ = y 


AQ-BQ = | 


If p is the difference in length of the rays meeting at P (i.e. AP - BP)j and q is the 
difference in length of the rays meeting at Q (Le. AQ - BQ) 


q-p=^y-x) 



This measurement, like tlie wave-length of a musical note, is independent 
of the instrument. By applying the law of refraction in the same way as we 
have here applied the law of reflection we can calculate the position (d and D) 
of the two imag es when yellow sodium light (from common salt) is passed 
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simultaneously through two faces of a prism. The same result is obtained 
from the measurement of the interference bands, i.e. W = PQ(£^-rD). 
With pure lights of different colour different values of W are found. For 
describing wave-lengths in whole numbers it is now usual to express them 
in lO-raillionths of a millimetre (called an mgstrom). Each colour which the 
eye recognizes as distinct corresponds to a certain range of wave-lengths, 
extending between roughly 4,000 and 8,000 angstroms. The ^ 
violet region of the spectrum corresponds to about 4,200 A.; the middle of 
the blue to about 4,600 A.; the middle of the green to about 5,200 A.; the 
middle of the yellow to about 6,800 A.; and the middle of the red to about 

7jOOOA. . . , , . . 

Although the mathematics of wave motion is not particularly easy, it Ms 
one comparatively simple application which brings out the fruitfulness of the 
wave metaphor as an aid to measurement in a very spectacular way. This is 
the fact that we can calculate from measurements based on a phenomenon 
comparable to the Doppler effect, a value for the earth’s distance from the 
sun in close agreement with the value obtained from the parallax of a near 
planet (p. 210). The spectrum of sunlight is crossed by fine dark lines. In the 
spectra of light from some of the stars similar lines appear. Measurement of 
where these lie by photographing their spectra side by side with that of a 
terrestrial source of light (like sodium light or the iron arc) shows that they 
undergo a slight shift in the course of the year, according as the earth is 
moving in its orbit towards or away from the particular star whose spectrum is 
studied. The pitch of sound is different when we are moving towards or away 
from the source. The shift in the wave-length of the dark lines in starlight is 
analogous. If the speed of the observer (v) is known, the shift can be calculated 
from the speed of light (S) by the Doppler formula 2fflT, in which T is the 
period of the vibrator (p. 328). If the wave-length is W when the observer is at 
rest, T = W -r S. So that the shift from a wave-length Wi when the observer 
is moving towards the source to W 2 when he is moving away from it is 
2z)W -r S. The wave-length of the sound heard by an observer at rest may be 
taken as the mean of the wave-lengths (Wj and W 2 ) of the sound when the 
observer is in motion. An analogous calculation may be made for the annual 
shift in the spectra of the stars. 

For a star suitably chosen the observer’s speed (a) can thus be the rate at 
which the earth rotates in its orbit. If r miles is the mean distaiice of the earth 
from the sun, the circumference of the orbit is 27ir miles, which it traverses 
in 366 days, or 365 X 24 X 3,600 seconds. Twice in the course of a year, at 
intervals of six months, a physicist examining the spectrum of such a star can 
do so when it is moving directly in the line of sight either towards or away 
from the source, with a speed 

V - 2nr ^ (866 X 24 X 3,600) miles per second 

Having found the wave-lengths of various sources of pure light, it is possible 
to graduate the whole spectrum in wave-lengths. Hence the shift of a line (or 
the middle of a broad one) can be expressed as a wave-length. If we sub¬ 
stitute the value of the shift, the speed of light (S), and the wave-length corre¬ 
sponding to the mean position of the band in Doppler’s formula for sound. 
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we can get a value for v\ and from this r is found to be approxhnatdy 92| 
milhon miles, which agrees to less than one part in two hundred with the 
parallax value. The Doppler effect can also k used to calculate the rate at 
which the fixed stars appear to be moving away from us. A readable account 
of recent speculations on the expanding universe is given in the 1935 edition 
of Whitakerh Almanack and in J. G. Crowther’s Progress of Same, 

_ Researches of this kind may seem to be very remote from the everyday 
life of mankind. This is far from true. The initial stimulus which spectrwcopic 
research received from the progress of glass technolog)’, after the long period 
of inertia subsequent to Newton’s work, was reinforced by the (toveiy 
of chemical regularities in spectra at a time when chemical manufacture 
was actively encouraging exploration into new fields of enquiry. How spartm- ^ 
scopy has helped us to build dirigibles and make the coloured lights of adver¬ 
tising signs will be explained later to be one of the crowning victories of man’s 
conquest of materials. How the extension of the wave metaphor led to the 
discovery of wireless transmission which has broken down so many social 
barriers of space and time will appear in the story of man’s conquest of 
Power. The distinction between fretful and useful facts which was made 
elsewhere is more superficial than real. Information that is fimitful in acting 
as a check on methods of discovery and a correct hypothesis leads in the 
long run to the kind of knowledge which can be used to provide more of 
the means of life and leisure. 



Invented bv Pierre Vermer, a French mathematician, cttiy m the sneteenth coitaij, 
the vernier scale is an auxiliary movable ruler device, which permits 
On the lower ruler a distance equivalent to 9 divisions on the upw scale is dividea 
So 10 S. To measure an objea the end of which is nwked by the tolme be weea 
3'2 and 3-3 in the figure, set the begiiming of the vetmersede at this level and lew 
for the first division on the vernier which exartly comades with a drown 
uoner scale In the figure this is the second division and the Mirea mmutement is 
3^22 tS tory of ^device Is as follows* ^ “ 
unoer scale to be ascertained, the conect measuremeirt K 3*2 + *, The^^* 
n^ber a of the smaller divisions on the lower scale wkch comddM ^ the upm 
STft™ “cuiiOB on Ihtnpper 8* bjfc dismeex. Now 1 drawn on Ita 
lower scale is fs of a division on the upper. Hence 

If «is 2, * « 2 tenths of a scale division on the upper scale. If a division on the upper 
scale is 0-1, * — 0*02, 
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THE “aberration” OF LIGHT 

During the period which immediately followed Newton’s work on colour 
fringes the only important advance in the study of light had been independent 
confirmation of Romer’s view from an unexpected source by Bradley, the 
Astronomer Royal, in 1728. The confidence which Newton’s theory conferred 
on the Copemican doctrine stimulated renewed attempts to obtain decisive 
evidence of the earth’s orbital motion from the detection of a measurable 
displacement of the position of a fixed star at times when the earth is at opposite 
ends of a diameter of its orbit. In the early part of the seventeenth^ century 
accuracy of measurement had been greatly advanced by two inventions, the 
telescope and the vernier device shown in Fig. 210. If the earth revolves around 
the sun, there should be detectable differences in the R A. and declination of 
any star at different seasons. The maximum displacement of R A. (see Fig. 211) 

' occurs when the star’s R.A. differs from that of the sun by 6 hours or 18 hours. 
There is then no difference in declination. The maximum difference of 
declination should occur (Fig, 212) when the sun’s R.A. differs from that of 
the star by 0 hours or 12 hours. There should tlien be no parallax in RJV. 
From these seasonal differences we can calculate the star’s heliocentric parallax^ 
which is approximately the ratio of the sun’s distance to the star’s distance 
from the ea^. 

These parallaxes are very small. For the nearest star (Fig. 213) of great 
brightness visible from the latitude of London—Sirius—the angle of parallax 
is only about one-third of a second of arc (O'371'O, i.e. one_ ten thousandth 
of a degrees aiid there were no instnments sufficiently delicate to measure 
such small differences until the beginning of the nineteenth century, when 
the new patent of DoUond, improved manufacture of optical glass, Foucault’s 
method for polishing lenses, and the theoretical researches into achromatism 


T 
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When the sun’s R.A. differs from the star’s by 6 hours or 18 hours; the pwallaxls 
in R.A. only, and there is no parallax m declination. If the star s distance ftom the 
solar system isd, and themdius of theearth’s orbit r, tan^ = r -f dor f --7 j tm^ 
The star chosen Is y Dracohls witii R.A, 18 hours, It is not actuahy W the plane or 
the eai^’s orbit, but considerably north of it. 
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which accompanied the progress of scientific glass technology, bore fruit in 
great improvements of telescope construction and in the invention of the 
compound microscope. 





■ 

: Fig. 212.—Bradley’s Observations on y Draconis 

When the sun’s R A, is the same as the star’s (or differs byU2 hours), there is maxunujaa 
parallax in declination and no parallax in R.A. The star drawn is y Draconis, which is 
to be near the pole of the ecliptic: it is actually about 16° away. Remember 
(see Fig. 127) in reading this figure that the earth is “in Capricorn” when the sun is 
“in Cancer” and vice versa. The R.A. of y Draconis is approxiroately 18 hours, i.e, 
its lower transit is at midnight about December 21st, and its upper transit at midnight 
Tune 21st. On these dates its declination should exceed its mean value D (the 
declination of the star fiiom the celestial equator with the m as its centre) by the 
minute parallactic angle -p or + This is now known to be O- l?, an angle 
too siM for Bradley to measure. On the contrary he found that the declination, d, 
on March 21st, when there should be no parallax in declination, was less than D, and 
that the decimation d* on September 23rd, when there should also be no parallax 
“deSiSn, wa. 4m D b, ona-Umd, of . i^nte of me (So-S"). 
On March 2l5t the earth is travelling tmardi the toecaon from which the angle jp 
is measured, i.e. it is moving amy from the celestial pole. On September 23rd jt is 
travelling away from the direction from which ±e angle D is measured, i,c. it is 
moving towards the celestial pole, 

Among many other contemporaries of Newton, Bradley was engaged in 
'the seaftffi’for a det^blfe star parallax. He chose a star in the constdlation of 
Draco. The star y Draconis lies about 16'’ from the pol^ of the ecliptic. For 
•simpliciiy it is drawn, as if it were at ti» pok of the ecliptic in Figs. 212 and 
m, which mote ararly describe the'position of w Draconis,only 3° from the 
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ecliptic pole. The R.A. of y Draconis is very nearly 18 hours. So it should 
show maximum displacement of declination about June 21st and December 
21st. Bradley could detect none with his instruments. On the contrary he 





Fig. 213.—Sir® and Tangents of Very Small Angles 

The -sine of the angle fl is BD -r AD and the tangent is BD ^ AB. When a is ve^ 
Sail, the arc CD does nor differ appreciably from the perpendiculM BD, and the 
base AB does not differ appreciably from the radius of the circle AD - r. So sm a 
- f and tan a = CD -1- r. If the angle a is measured in degrees the arc CD 
k ai^Ttr) r 360. If it is measured in seconds of arc, it is 2wa -f (360 X 60 X 60). 

Hence sin and tan a" are each 

360 X 60 X 60 “ 7 X 36“ X 10’ 

So ifP" is the parallax of a star 

” 7 X 36* X 10> 

star’s distance « suns distance-ryYggjYlos 

93,000,000 X 36’ X 10’ X 7 

' “ -li ’ 

192 X 10^’ 

, p 

The parallax of Sirius IS 0-37T’. Hence the distance of Sirius is 

, 192 X 10’* 4- 371 = 62 X 10”or 62 billionmiles 

found a displacement which was greatest about March 21 st and September 
23 rd, the dates on wiiich the declination should not be affected by parallax 
at aU. Bradley confined his observations to the measurement of declination. 
The difference in declination of two stars is simply the difference of the two 
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zenith distances at transit (D = z.d. + lat.) if measured at the same latitude. 
An equivalent difference in R.A. is also found when the star’s R,A. is the same 
as the sun’s or differs from it by 12 hours, i.e. when there should be no 
difference due to parallax. 

According to Cajori the clue to this anomalous behaviour came to him from 
a class of everyday experiences which greatly helped to elucidate the laws of 
the combination of motions in different directions, when navigation was at 
the mercy of wind and current. “Accompanying a pleasure party on a sail on 
the Thames one day about September 1728,” he noticed that the wind seemed 
to shift each time “that the boat put about, and a question put to the boatman 
brought the (to him) significant reply that the changes in direction of the vane 



Fig, 2U.-THB Tilt of the Telescopb 

To envisage the significance of Bradley*s observatioiis, imagine a train of few 
a machine gun fired at the mouth of a cylinder with its opening pointed duecUy to^ 
the oncoming bullets. If the cylinder is moved with a sp<^ d ft. per sec. m ® 
tion at right angles to the movement of the bullets, the latter wiU not i^s stopt 
down the middle of the cylinder. If the motion of the cylinder is sifflcaently s^t^e y 
will strike against the sides, To prevent this the cylinder must be tilt^ m diretto.. 
of motion. At a suitable tilt the bullets will pass straight along Ac middle of 
cylinder. The propagation of a wave fifont of HAtalong ^ 

gous. That is to say, the object glass of the telescope has to be ultcd slightly ttmards 
the direction of the observer’s motion. 

at the top of the mast were merely due to change in the beat’s course, wM 
remaining steady throughout..,The significant feet about the sl^ caued 
“aberration” which Bradley first observed was that the greatert di^fecemmt 
of the star’s position is found at times when the earth is moving^ia tts Cffbu 
either towards or away from the direction from which the ^e» 

(Fig 212). This feet receives a simple explanation from the feet that hgat 
travels with a finite speed. Hence the diretjon from f “ 

observer is the resultant of his motion and that of the hght. ® 

pass down the centre of the telescope and be seen by the eye, the obiect-^ 
of the telescope mtit be tilted slightly io the direc&o ^ » 

(Fie. 2U), If the telescope Is used to measure the au^e between the sto s 
direction and some direction of reference (e.g, a fedon along die celesaal 
equator in Fig. 212, or along the ecliptic plane in ® ‘3 

creased if the observer’s motion is away from the direcm of reference and 
























Fig. 21s,-ABERSA'noN of Light 

If the obsewr is at restwlth his eve at BJght «^j^ective telwope 

at A, and tcavetses ^e distance in » seconds. The angle p is the elevation 
of tlie star above the plane of the ecliptic m wWch the ear^ is momgj le. &e 
celestial latitude of the star. This is the true direction of the sto. The observer 
is moving away from the source of light in the upper figro and towards it in the 
lower figure, in the line BC, and traverses the distance BC in x seconds. K he is 
moving away ftom the source and holds his telescope ^at the angle D, nis eye 
reaches C when the li^it has traversed the distswceAB. So he does ’ 

To see it, the telescope must be tilted upwards, i.e. m the direction of his motion, at m 
angle ij so that Ae light strikes die objective at A when he is at D before «e gete 
to\ md docs not reach B tiO he and his telescope have traversed the ^stance DB, 
;c seconds later. Hence DB = BC. If he ismovmg towards Resource of light as^^^^^ 
lower figure the telescope must be tilted doKintoflrd, U, in the direcuon of ms motions, 
making an angle dj. Since light passes over a distance AB m fc seconds, and the speed 
of light is AB v the observer’s speed is BC-r DC 


Speed of light 
■ BC “ Speed of observer 


In the upper figure the exterior angle dj« D + Uj, In thel ower figure the exterior 
angle D = dj + flu i.e. dj = D — 
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decreased if his motion is towards this direction. For example, in Fig. 212, 
declination is measured from a line on the celestial equator plane, joining the 
sim to the R.A. circle of the star. On March 21st the earth is moving in this 
direction, and since the telescope must be tilted towards the direction of motion, 
the angle D is decreased. On September 23rd the earth is moving in the 



Fig. 216 


Since y Draconis is fairly near the pole of the ecliptic, its celestial latitude, L, may 
be taken as about 00°. But on March 21st, tilting the telescope in the direction ot 
the observer’s motion decreases the observed latitude by a small angle, a, to ii* 
Similarly on September 23rd, the angle is increased by a to 


BD 


Now tan and since a is a very small angle (see Fig. 213) 

BD 

'::“=ab",.,. 


earth’s orbital speed 
speed of light 


opposite direction, and tilting the telescope towards the direction of motion 
increases the angle. The plane of the earth’s orbital motion is not the 
celestial equator, but that of the ecliptic. So the elevation of the star from the 
ecliptic, i.e. its celestial latitude (see p. 220), measures the inclination of the star- 
beam to the observer’s motion. This can be calculated from its declination and 
R.A, by an application of the fonnulae in the appendix to Chapter IV. When 
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the celestial latitude is 90°, i.e. when the star is at the pole of the ediptic, the 
correct set of the telescope simply depends on the speed of the earth in its orbit 
and the speed of light, just as the correct angle for aiming at a pheasant flying 
directly overhead (p. 239) simply depends on the speed of the bird.and the 
speed of the bullet. If r is the distance of the sun from the eartli, the observer 
is moving through 2w = '^'^r miles in 306 days. His speed is therefore 

44r Hr 

1 X 306 X 24 X 00 X 00 “ 42 X 306 X 30 X 10» 

If the star is at the pole of the ecliptic, the angle a is 20-6", i.c. 20-6 -f (60 
X 60) degrees, and: 

speed of earth’s orbital motion 

tan a = - - ; -- 

speed of light 

If the speed of light is 180,000 miles per second, 

Hr 

^ 42 X 366 X 36 X lO® X 186 

The tangent of this angle can be found without recourse to tables (Fig. 213), 
being 

20-6 TT 41 X 22 

60 X 60 ^ 180 " 72 X 18 X 7 X lO^ 

So we may put: 

Hr 41x22 

186 X 42 X 366 X 36 X lO® “ 72 X 18 X 7 X 10^ 

41 X 22 X 42 X 186 X 366 X 36 X W 9269 X 10* 

11 X 72 X 18 X 7 "* 998 X 10^* 

To three significant figures this is 92,800,000 miles, in close agreement with 
the sun’s distance calculated from parallax or from the annual shift of the spectra 
of the fixed stars. 


THE SURVIVAL OF WORD MAGIC 

During the nineteenth century, when the phenomena of interference were 
first fully investigated, the wave metaphor became firmly entrenched in 
scientific discussion. It was the fashion to speak of a supposititious all- 
pervading ether, which remained when all weighable matter had been 
removed from a space. The plain trath is that this ether was less a description 
of what we encounter when investigating the world than a description of the 
kind of mathematics with which we calculate what happens in certain 
circumstances. In the study of how chemical qualities of substances (like a 
pinch of common salt) are related to the spectra which they yield when 
made to glow in a non-luminous flame, recent discoveries have received less 
help from the wave metaphor and more from the analogy of the bullet. 
Consequently the is receding into the realm of word magic along with 
phlogiston (p. 422), the life force and the Real Presence. 

Science has nothing to lose from the decease of a metaphor. In a different 
social contat from the one in which we live, the change might be regarded 
as a welcome release from reliance on the existence of somethmg beyond 
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the range of our senses. If we wish to understand why the new outlook in 
physics is interpreted as a reason for rejecting the materialistic temper of the 
century which began with Diderot and ended with Darwin, we must not expect 
to find an answer in the progress of scientific knowledge. The story of man’s 
conquest of Substance and of Power will make it clear that we have reached a 
situation in which social machinery can no longer accommodate rapid advance 
in discovering the material amenities which science confers. We are thus 
faced with two alternatives. One is to devise the social machinery which will 
ensure the further progress of science by finding social uses for new dis¬ 
coveries. The other is to discredit confidence m the fact-loving method of 
science. This can be done most effectively by surrounding the work of the 
scientific investigator with an air of mystery, so that he fulfils the role of the 
first men of science in human history. The ancient calendar priests were the 
first scientists and the first civil servants. They ceased to be scientists as they 
aspired to become masters. The world tires of its masters and finds a growing 
need for efficient civil servants. So we may hope that the adventure of human 
knowledge will survive aU the efforts to reinstate mysticism in the present 
period of cultural decay. 

The phase of discovery which has been dealt with in this chapter draws 
attention to aspects of scientific method often overlooked, especially in the 
study of social instimtions. There are two errors commonly held among people 
who study human society. The one to which the economist is prone is the use 
of facts to illustrate hypotheses based on seemingly self-evident principles, 
instead of the use of facts to test whether seemingly self-evident principles are 
a safe guide to conduct, At the opposite extreme is the school of historians who 
eschew all hypothesis and discourage “rash” generalization, apparently 
content to collect facts as an end in themselves. The truth is that scientific 
knowledge is not a mere collection of facts. It is an organized repository of 
useful and fruitful facts. Some of the most useful and fruitful facts have been 
found by using theories which seem utterly absurd in retrospect. What 
specially distinguishes the method of genuine science is that theory and 
practice, hypothesis and fact, work hand in hand. In a scientific experi¬ 
ment the investigator sets out to collect the facts that he expects to get. 
If they do not exist he fails to get them. If he fails to get them there must be 
something wrong with his expectations. So if he is a good investigator he will 
either discard his hypothesis or modify it and submit it to further test in itt 
modified form. A scientific hypothesis must live dangerously or die of inani¬ 
tion. Science thrives on daring generalizations. There is nothing particularly 
scientific about excessive caution. Cautious explorers do not cross the Atlantic 
of truth. 

THINGS TO MEMORIZE 

1. Wave-length X frequency = speed of sound =« 1,120 feet per second 
atl6°C. 

1 P 

2 . Frequency of vibrating string « “ - 

3. The in wave-length observed when someone moving with a 
velocity v passes a source of frequency T is 2vT, 
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EXAMPLES ON QiAPTER VI 

Take the velocity of sound as 1,120 feet per second, except where another value 
IS indicated, 

1. What is the wave-length of a note if tlie velocity of the waves is IjlOO feet 
per second and the frequency is 440? 

2. If the shortest wave-length a man can hear is about 18 cm. and die 
longest about 900 cm. calculate the frequency in both cases. Take the velocity 
of sound to be SSjOOO cm. per second. 

3. What is the wave-length of a pure note if the speed of propagation is 
340 metres per second and its frequency is 256 per second? 

4. A steamer tidying the coast blows a whistle and after 10 seconds an echo 
is heard. When the whistle is blown five minutes later the echo is heard after 
8 seconds. Calculate how far from the coast the steamer was when the second 
whistle was sounded, and her speed. 

6. How far away is a thunderstorm, if a flash of lightning is seen 4 seconds 

before a clap of thunder is heard? 

6. A. man standing in a ravine with parallel sides fires a rifle. He hears an 
echo after H seconds and another 1 second later. After another IJ seconds he 
hears a third echo. How do you account for these echoes, and how wide is the 
ravine? 

7. The eclio of the blast of a ship’s siren is heard in H seconds. If the 
reflection is caused by an iceberg, how many seconds after hearing the echo 
will it be before the ship, steaming at miles per hour, hits it? 

8. An engine, blowing a whistle whose frequency is 600, passes a man in a 
signal box at a mile a minute. What does the frequency of the whhtle appear to 
be to the man, before and after the engine passes? 

9. When half a mile away from a tunnel through a hfll, an engine blows its 
whistle, and an echo is heard by the driver 4| seconds later. Taking the velocity 
of sound as 1,100 feet per second, how fast is the engine going? 

10. A train rushes past a stationary engine, which is blowing a whistle of 
frequency 600, at 60 miles per hour. What value would the passengers in the 
train give to the frequency of the whistle before and after passing? 

11. A bullet is heard to strilce a target 2| seconds after it has been fired 
with a velocity of 2,000 feet per second. How far away is the target from the 
marksman? 

12. A tuning fork has a bristle attached to one of its prongs which just 
touches a vertical smoked glass plate. When the tuning fork is sounded and the 
plate allowed to fall under the action of gravity a wavy line is traced on the 
plate, If a distance marks off N waves show that the frequency is NV^. 

13. Using the same apparatus as in Example 12, the plate is dropped from 
rest through a ^stance of 1’8 cm. In the next 10-2 cm. fall the fork makes 

86 waves. What is the frequency of the fork? 

14. ''j^t is the depth of a well, if a stone is heard to strike the water 2 seconds 
after it is dropped? (Take ft. sec.®) 

16. When two vibrating bodies have not exactly the same frequency, there 
are times when the compressions or rarefactions from both sources pass a given 
spot simultaneously, and times when a compression from one neutralizes a 
rarefaction from the other. These alternate periods of much disturbance and 
then comparatively little disturbance produce a pulsating effect called beats. 
If two strings of frequencies 300 and 302 per second arc bowed, how many 
beats are produced in a second? 
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16. Two tuning forks, one of frequency 266 per second, are sounded simul¬ 
taneously and produce 4 beats per second, When the other fork of unknown 
frequency is loaded with a small piece of wax the beats stop. Determine the 
frequency of this fork. 

17. Two tuning forks of frequency 612 are taken. One of the forks has its 
prongs filed, so that when sounded with the other 6 beats per second are 
produced. Find the frequency of the filed fork. 

18. A noise is heard at three stations A, B and C, A hears the noise I3> 14 
seconds before B and 8-89 seconds before C. If the rectangular co-ordinates 
of A, B, and C, are respectively (4,0), (0,0) and (0,2) on a map, a mile being the 
unit, by means of a geometric^ construction find the co-ordinates of the source 
of the noise. Take the speed of sound as 1,100 ft, sec, 

19. From Fig. 197 we see that sound waves from a can reach the ear by two 
separate paths. When one path is 16 cm. longer than the other no sound is 
heard. When it is 32 cm. longer a sound can be heard, and when 48 cm. longer 
no sound, and so on. Taking the velocity of sound to be 33,200 cm. per second, 
what is the frequency of the whistle? 

20. As an engine, blowing its whistle, passes a station, the pit^ of 
die whistle appears to a man on the platform to drop a i^or thi^, i.e, to 
gths of its apparent frequency before passing. How fast is the trmn going? 
Take the speed of sound as 1,100 ft. sec. 

21. If the greatest interval between successive eclipses of Jupiter’s second 
moon is 42 hours 28 minutes 66 seconds, and the least interval is 42 hours 
28 minntpis 28 seconds, determine the speed of light (miles per second), given 
tliat the radius of the earth’s orbit is 92-7 x 10® miles. 

22 Using Fig, 202 to determine the velocity of light, find the angular 
velocity in radians per second of the wheel for the third and fourth disappear¬ 
ance of the image, when the distance from C to B is 10 km. and the wheel has 


23. Using the same figure, let the distance from C to B be 15 km. and the 
wheel have 600 teeth. Given the speed of light = 3-0 x lO^® cm. per second, 
how many revolutions in a second must the toothed wheel make so that light 
passing through a gap on one journey is stopped by the next tooth on the 

return journey? . n , < j , 

24. A beam of light on a revolving mirror is reflected by it and travels a 

distance of 760 metres to a mirror, which reflects the beam back ^ong iK 
path The beam is then reflected again by the revolving mirror, and is found 
to make an angle of one minute with its original path.^mat is the angular 
velocity of the revolving mirror in revolutions per second? 
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The Conquest of Substitutes 


But the mortallest enemy unto knowledge, and that which hath 
done tlie greatest execution upon truth, hath been a peremptory 
adhesion unto authorityj and more especially, the establishing 
of our belief upon the dictates of antiquity. For (as every capacity 
may observe) most men, of ages present, so superstitiously do 
look upon ages past, that the authorities of the one exceed the 
reasons of the other. Whose persons indeed far removed from 
our times, their works, which seldom with us pass uncontrolled, 
either by contemporaries, or immediate successors, are now 
become out of the distance of envies; and, the farther removed 
from present times, are conceived to approach the nearer unto 
truth itself. Now hereby methinks we manifestly delude our¬ 
selves, and widely walk out of the track of truth.— Sir Thoms 
Browne’s Pmdodoxia Epidmca. 












CHAPTER VII 


THE THIRD STATE OF MATTER 
The Freehom Miner 

One‘ characteristic which specially distinguishes human beings from other 
animals is their power to change the nature of their environment. By selecting 
other organisms for their associates and coHecting different sorts of lifeless 
matter from their surroundings, they provide themselves with the means 
of food, of shelter, of locomotion, and of adornment. Mankind has thus 
risen superior to the barriers of climate and situation limiting the distribution 
of other living creatures. In establishing himself as a species with a world¬ 
wide distribution, man’s power to change his environment is circumscribed 
by two facts. A comparatively small number of plants and animals arc suit¬ 
able for cultivation or domestication, and a comparatively small number of 
substances which are found in nature are directly suitable for fabricating 
articles of use or amusement. Org anisms and their products suitable to human 
requirements of one or the other sort—myrrh and cedarwood, silk and 
pearls—had a very limited distribution in the ancient- world. So likewise had 
the metals which man learned to treasure first, and later to work. In the ages 
of scarcity, when the trade routes were of fiindamental importanai to the 
diffusion of culture, man had to discover how to find his way about a world 
in which the basic means of human satisfaction were sparse. Until the end 
of the eighteenth century of our era man’s greatest intellectual acMevcments 
were associated with the survey of a world in which the good things of life 
were very unequally distributed. 

The story of how man learned to find his way about the world has been 
told in the preceding chapters. This stage in the growth of man’s imd^- 
standing of the universe reached a dhnax in tie three centuries which 
witnessed the opening up of the resources of two new continents to European 
civilization. By the end of the eighteenth century the habitable world had 
been explored with the aid of the sextant and tdeswpe, tie theodolite and 
chronometer. An inventory of man’s resources for continuing a mode of 
living which had changed very little since the construction of the Pyramids 
had been.accomplished. So at this point we may fittingly take leave of the 
story of man’s conquest of time reckoning and earth measurement. When 
the nineteenth century dawned progress in the knowledge of nature had 
assumed a different aspect. The ages of scarcity were drawing 
Space and Time were making way for the study of Matter, Power, and Hwm. 

If we consider the variety of substances available for human use and tie 
resources of power which can now replace human effort, the gap separating 
us from the seventeenth century of our own era is far greater “jn “at 
which separates the seventeenth century of the present era from the Mediter¬ 
ranean world of 1700 B.c. In the long period which intervened there had 
been no radical additions to knowledge of the use of materials, nor any 
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radical improvement in mechanical substitutes for human labour. The 
knowledge of metals, of glass making, of pottery, of weaving, of dyeing, of 
brewing, of irrigation, of enamels, and of cosmetics, had scarcely surpassed 
the achievements of the early civilizations in the Mediterranean, The plough, 
the wind sail, and the water-wheel, were older than the hanging gardens of 
Babylon. The best silks were still the silks of Old Cathay. What material 
progress had occurred in the world as a whole was lidemore than a process 
of give and take. There had been no important new inventions, nor new 
industries, otlier than those to which reference has been made already. 

That is to say, gunpowder, printing, spectacles, and mechanical docks. 

Our task will now be to trace the story of man’s conquest of materids, and 
to indicate the social prospect which it unfolds. What we call the sdence of 
chemistry today is made up of rules for making and recognizing the presence 
of substances which have very definite physical properties, such as density, 
colour, crystalline form, melting and boiling points, odour, texture, and so 
forth. So in textbooks of chemistry it is customary to begin with definition 
of a pure substance. Perhaps it is better not to do so. There is no way of 
capturing the meaning of a pure substance in a simple sentence. Any defin¬ 
ition which we attempt to frame registers the stage we have reached in ^s- 
covcring reliable recipes for making things. Primitive man collected materials 
from rocks and springs, from animal tissues and plant juices, and used them 
to make metals, pigments and fabrics, perfumes, dyes, and medicines. His 
success and the quality of his products depended on local peculiarities of 
the minerals, or on local species of plants and animals. All the early ind^trics 
of civilization had the same local character. Sand was mixed with lime or 
potashes and various minerals found here and there. The quality of the glass 
of a particular locality became famous. The secretion of a Mediterrane^ 
sea-slug furnished the Tyrian purple of Phoenician trade. It was, nobody’s 
business to know why the glass of a particular place was better, or to make 
the dye which the sea-slug excreted. Man took the fruits of nature as tliey 
came. What science he had was mainly used to get to the places where they 
were to be found. 

In the new phase on which we are now entering the reverse is tme. Every | 

advance of science makes man less dependent on local materials. We know | 

the nature of the dyes and drugs which were once obtained exclusively from | 
fjnimflls and plants, and we manufacture them from substances like coal, 
which are more widely distributed. If we cared to do so, we could make > 
them from substances which are universally distributed. We no longer depend j 

on the manure dumps of India for the nitrates used for making gunpowder :■ 
in medieval times, nor on the natural deposits of Chile for the nitrates which 
were introduced for use as fertilizers in the nineteenth century. Nitrates can 
be made from the nitrogen of the air and the common salt of the ocean. For 
metals of great hardness and strength we are no longer dependent on local 
ores. We know innumerable ways of makingalloys. Alumiuium, which is the 
most abundant and universally distributed of aU the metals in the superficial 
layers of the earth’s crust, is already beginning to displace the use of the j 
heavier metals which nations have struggled to monopolize in the past, 

Aside from structural materials, among which wood, clay, stone, and sand 
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predominate, the basic ingredients of modem industry are of a totally 
different kind from those used in the time of Nemon. Modern chemistry 
recognizes more than a quarter of a million distinct substances, Hundreds 
are being discovered yearly, and an enormous number are already employed 
in making articles of everyday use. Three hundred ye^ ago chemical 
industry as we now know it did not exist. Cmde lime, made by cooking 
chalk and limestone in kilns, was sold for making cement and glass, or for 
curing leather. Incinerated charcoal or “potashes” rich in alkaline potassium 
carbonate from the forests of central and eastern Europe was imported into 
Britain for cleaning wool fibres and making soap, prepared by boiling the 
solution with lard or mutton fat. Cmde alum ftom the Isle of Wight was 
employed in preparing cloth for dyeing. At most a dozen vegetable juices in 
place of the many hundreds of modern synthetic pigments were in everyday 
use. Salt sold for preserving meat owed its chief commercial use to its prindpd 
impurity--the hygroscopic magnesium chloride, which is removed from the 
best table salt of today. All the pure metals then known-gold, silver, copper, 
tin, iron, lead, zinc, mercury, and antimony—had been worked in the ancient 
world, and were prepared ffom their ores by the same processes. Mineral 
pigments like the vermilion cinnabar (mercury sulphide) and green malachite 
(copper carbonate), or cosmetics like galena (lead sulphide), were probably 
used less in sixteenth-century England than in ancient Egypt, More 
medicinal chemicals were recognized, but these had not become important 
articles of commerce. Jewels, which owe their special characteristics to crystal 
form, one of the fundamental aiteria of a pure substance in the modern 
sense, represented almost the only articles of commerce which the chemist 
of today would recognize as such. 

To be sure, it would be an exaggeration to say that there was no science of 
chemistry before the nineteenth century, or that no progress was made in 
its study between the age of Archimedes and the age of Newton. No sharp 
line can be drawn between organized scientific knowledge and mere rule-of- 
thumb methods of recognizing the characteristics of nature. The latter 
must always precede the former, and the former grows out of the latter. What 
can be truthfully said is that Aere was no substantial improvement in the 
actual technique of preparing materials of reliable quality, that is to say 
making “pure” substances, between the fall of the Ale^ndrian civilization 
and the middle of the seventeenth century of our era. No substantial improve¬ 
ment in processes of preparing, detecting, and assaying metals were made in 
the first sixteen centuries of the present era, and if Arab medicine had added | 

a number of new substances to the list of those previously known, it had | 

done little to clarify any general rules for making them. 

The search for pure substances was mainly prompted by three prindpal 
requirements of everyday life in civilized communities—metals, munitions 
(pp. 406-8), and medicines. The enormous influence of the latt^ may seem 
strange when we reflect upon the scope of reliable medical knowledge as late 
as the time of Jenner. Still, it would be a mistake to regard primitive meih- 
cine as mere superstition. One of the commonest complaints of everyday life 
is constipation, and the possibihty of relieving it by the use of various 
reagents was a discovery of great antiquity. The purgative calomel (a ; 
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chloride of mercury) was known to the Egyptians; and if the achievements of 
the physician were less conspicuous in other fields, the gratitude of their 
fellows for the use df aperients and purgatives is amply illustrated by the 
lyrical flourish with wliich discoveries of new ones were announced. As late 
as A.D. 1648 Glauber could proclaim the addition of sodium sulphate to the 
pharmacopoeia with a tract entitled Miraculo Mundi) and Glauber’s salt 
enjoyed the sobriquet sal mirahik, A little later Nehemiah Grew described 
the uses of Epsom salts (magnesium sulphate) with the evangelical fervour 
of an all too familiar advertisement. 

From the practice of mining, ancient chemistry had learned the processes 
now called oxidation and reduction. The history of man’s earliest attempte to 
extract metals from their ores is still largely speculative. Both gold and silver 
occur as metals in nature, and both could be shaped with the stone hammers 
which primitive man possessed. Native gold and native silver were treasured 
before the dawn of dty life, and were first used for making simple ornaments. 
Metallic copper also exists in the regions where civilization began, and native 
copper seems to have been the source of the first hammered copper instru¬ 
ments. These are found along with chisels and adzes of gold, silver, and 
electrum (a silver-gold alloy), in the recent excavations at Ur. Little progress 
in the use of metals could be made when only gold and silver were known. 
Though native copper is soft, it is hardened by hammering. Rickard {Man 
and MetakiVoiX) szyy, 

As soon as primitive man began to shape his finds of copper he must have 
observed this important fact, which was decisive in making the metal more 
serviceable for the fabrication of instruments. At once the red stone became more 
useful than the yellow. ... The use of native copper marks the beginnings of 
every ancient metal culture. . . . Perhaps two millennia separated the first use 
of hammered copper from the beginning of true metal culture, when copper 
was smelted from its ores and cast in a mould. 

Elliott Smith has put forward reasons to support a plausible hypothesis 
to account for this momentous discovery. The green copper carbonate called 
malachite is readily converted by a dull red heat into copper oxide, which is 
reduced to the metal itself when roasted with charcoal. Over a long period of 
pre-history there is ample evidence that mankind used powdered malachite 
as a pigment. In pre-dynastic Egypt it was used for facial adornment. When¬ 
ever debris containing malachite was dropped among the embers of a charcoal 
fire, spangles of metallic copper would be formed. We may well suppose that 
this was not a very rare occurrence. The use of bronze (a copper-tin alloy) 
came much later—about 1500 b.c., and its discovery was probably due to 
the fact that ores of copper and tin often occur side by side. Though iron 
occurs with great rarity as a truly indigenous metal apart ftom its ores, the 
Jovian thunderbolt had familiarized man with it ftom early times. Fragments 
of meteoric iron are found with human remains long before the age of iron 
instruments began—about 1200 b.c., and modern Esquimaux have ban 
observed to make knives by inserting flakes of meteoric iron in grooved .strips 
of walrus bone. Several common pigments, the ochres such as haematite, are 
rich in iron. So the discovery of smelting iron ftom its ores may have been 
made by analogy with the pre-existing technique for extracting copper. 
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Primitive metallurgy began with the reduction of the class of ores now called 
metallic carbonates or oxides, i.e. by heating them with charcoal in a closed 
space. This was all that was necessary for preparing the tin used in making 
bronze from its common ores. Many of the common ores are what we now 
know to be sulphides^ i.e. combinations of a metal with the dement sulphur. 
The next step in the progress of metallurgy was probably the discovery that 
some of the “sulphureous” ores, like those of lead, copper, iron, zinc, silver, 
and mercury, can be reduced if previously heated in air, or as we now say, if 
they are first “oxidised.” The discovery that the process is facilitated by keep¬ 
ing the air in motion probably led to the invention of the bellows and the first 
crude blast ftimaces for oxidizing the more recalcitrant sulphureous ores like 
pyrites (iron sulphide). Natural ores are always mixed with fragments of 
sand, which is mainly composed of the same substance (silica or silicon 
oxide) as quartz. The trick of heating the ore with some “flux” such as lime, 
to make it readily form a molten mass, may have been gleaned ftom the 
discovery of glass, or it may have led to it. 

These processes were practised more than three thousand years ago, and 
their nature remained an enigma till the end of the eighteenth century. The 
craft of the goldsmith and the silversmith ofiered great opportunities for 
chicanery, as a f amiliar legend about Archimedes reminds us. The artificers 
of Alexandria were apparently familiar with various devices for detecting and 
manufacturing fraudulent articles by dissolving metals in acids and reprecipi¬ 
tating them from their salts. According to a legend current in the alchemical 
works of the Middle Ages, Diocletian ordered the suppression of all the 
Alexandrian books on the art of chemistry for fear that tihe artificers would 
enrich themselves exorbitantly. An unduly sanguine interpretation of their 
achievements led to a futile search for the supposedly lost secret of trans¬ 
muting lead into gold. Slowly Europe recovered the real secrets of Alexandrian 
chemistry, without recognizing them as such. 

The technique of preparing pure chemicals for medicinal use owes mudi 
to the very ancient industry of brewing. The formation of tartaric acid 
crystals in wine vats was already knovm to the Egyptians. This was possibly 
the origin of the preparation of pure substances by allowing them to crystallize 
out by cooling, and riso of the practice of recognizing them by their crystalline 
form. Most important of all devices for separating substances with individual 
characteristics was the process of distillation, is used in the preparation 
of alcoholic Uquprs. The retort had already become an important mstrument 
of medical research in Alexandria. In the hands of the Arabs, to whom we 
owe the word alcohol, it became the means of adding many new members 
to the known list of chemical species. The Moorish physicians made some 
advance towards classifying the nature of substances. They recognized 
solutions of acids, alkalis, or of salts, according to their effect on vegetable 
dyes, used in the preparation of fabrics. One of the dyes winch was formerly 
used in this way is the familiar “litmus,” which turns red when dipped in 
a mineral acid, or blue if dipped in the solution of an alkali (i,e. “bases” like 
sodium hydroxide and quicldhne, or "carbonates” of sodium and potassium). 
The Arab chemists gave tedpes for making the three chief mineral acids 
(nitric, sulphuric, and hydrochloric) of modem commerce by distilling off 
the vapours formed when various salts arc heated. 

M* ' . 
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The nature of distillation, like the nature of reduction and oxidation, 
remained an enigma. In the processes of the laboratory substances seemmgly 
disappeared on heating. They became “spirits,” and the art of chemistry 
was to make these spirits materialize. The spirits of the retort, which still 
remain in our vocabulary as spirits of wine, spirits of salt, and the like, are now 
recognized to be a third state of matter. In the ancient world what we now 
call gases and vapours were not recognized as a form of matter, and it was 
utterly impossible to see any common thread running through the familiar 
processes of distillation in medicine and reduction or oxidation in metallur^. 
Although Greek materialism had proclaimed the robust doctrine on which 
modem chemistry rests, neither the experience of the physician nor the art 
of the metalworker seemed to support the belief that matter is indestructible. 
The ancient world recognized two classes of things which could be weighed 



according to tlie ancient conception of chemical processes the fire of the tonace 
hsSved the matter contained in the retort into its earthy consument “d the ^spim 
ffich escaped. That the spirits, or as we now say gases, had weight was not recognized. 

vith scales-solids and liquids. Aristotle’s physics had rejected the possi- 

jility that air could have weight. , 

Before the middle of the sixteenth century there was no cleat evidence 
to air is a form of matter in this sense, nor was there the least apprehension 
3 f the fact that innumerable forms of matter exist like air in the gaseous 
jtate. So the distinction which we now draw between the two classes of pure 
substances called elements and compounds completely eluded the sckntx 
3 f antiquity. What was neither liquid nor solid was spirit. The discovery that 
lir has weight, separating the theory of chemistry today from the practice 
Df chemistry till the time of Galileo, Hooke, and Boyle, is one or the great 
dichotomies in the history of human Imowledge. Circumstances of everyday 
life contributed in various ways to this discovery, which revolutionized man’s 
command over the use of materials. In the great age of the sailing slup men 
of science were beginning to measure forces as matter in motion. TWs raised 
the question, Is the force of the wind also a manifestation of matter in motion? 
Galileo’s experiments on the way in which heavy bodies fall prompted enquiry 
into the material nature of air for another and far more important 
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related to the immediate social context of his researches in a dilfemnt way. 
Laboratory experience showed that heavy bodies gain speed at the same 
fixed ram when falling through air. This seems (see p. 300) to be in fiat 
conttadiction to experience of everyday life. We shall now see how Galileo 
resolved the paradox, and how his pupils and successors proved the truth of 
his solution. 

The source from which Galileo got his clue made the study of air and its 
characteristics m issue of momentous importance about the same time, and it 
was of specid significance in Britain, where the revival of the teachings of the 
Greek atomists was received by men of science with enthusiasm. Extensive 
development of deep-shaft mining took place in the sixteenth and seventeenth 
centuries owing, among other things, to the wastage of iron in warfare after 
the introduction of artillery. Speaking of the change in Britain in a recent 
memoir (Ecwi. Hisf. i?6u., 1934), Nef remarks: 

Though the^ output of tin, unlike other metallic ores, was not increasing, 
even in tin mines technical problems assumed an entirely new importance, 
because the more easily accessible supplies of ore had been largely exhausted 
in the Middle Ages. During the reigns of Elizabeth and her two Stuart successors 
money was poured out lavishly in the construction of hundreds of adits and 
ventilation shafts and of hundreds of drainage engines driven by water. ,. , 
The high cost of fuel began to check the expansion of the output of iron before 
the end of Elizabeth’s reign. . . . During the reigns of Elizabeth, Charles I, 
and James I, coal was successfully substimted for wood fuel in calcining ores 
. . t and in nearly all finishing processes. 

The mere technique of deep-shaft mining was not a new development in 
human industry. Neuberger’s book The Techmed Art and Sciences of the 
Ancients tells us; 

Mining was at different stages of advancement among the various andent 
peoples. It was particularly developed among the Egyptians, who probably 
opened up copper mines on the peninsula of Sinai as early as the third millm- 
nium B,c. Besides these the vast quarries of Tujra near Cairo have also been 
preserved; they prove to us that at that very early date open working had 
been given up in favour of shafts. The andent Egyptians were thus not satisfied 
with merely removing the stones in the hill from the outside, but penetrated 
far into the interior. Wells of the same period, for example, Joseph’s well at 
Cairo, descend up to 300 feet vertically into the earth. In view of the fact that 
these shafts were constructed about 2600 B.C., it can hardly be doubted that 
similar ones were also dug out for mining purposes in some cases. The high 
standard of mining construction attained by the Egyptians is rivalled by the 
Indians and the Chinese, who likewise sank pits about five thousand years ago. 

Though the technique was not essentially new, there was an important 
difference between the conditions of deep-shaft mining in the seventeenth 
century and the practice of more andent times. Mining in antiquity was made 
possible by abundant supplies of slave labour, which was used with what 
now Seems to be almost an mcredibly reddess disregard for human life, 
Neuberger goes on to state:* 

* See also A. Zimmem, The Greek CmmomedthywA B. Farrington, Diodorus 
Siculus (Udv, Wales Press). 
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There were no precautions against accidents. The galleries were not propped 
up, and therefore often collapsed, burying workmen beneath them. In mcient 
mines many skeletons have been found of slaves who had lost their lives m 
this way wlule at work. Nor were attempts made to replemsh the supply of 
air or to take other steps for preserving health. When the air in the mines became 
so hot and foul that breathing was rendered impossible the place was abandoned 
and an attack was made at some other point. These conditions must have 
become still more trying wherever, in addition to the mallet ^d chisel, the only 
other means of detaching the stone was appHed, namely fire. The mmeral- 
bearing stone was heated and water was then poured over it. There was no 
outlet for the resulting smoke and vapours. This method of^ranstructmg 
tunnels and galleries is described by Pliny somewhat as follows; Tunnels ^e 
bored into the mountains and carefully explored. These tunnels are called 
‘arrugiae,’ litde ways or Uttle streets. They often collapse and b^ mm 
workers. When hard minerals occur one seeks to blast them with fire and 
vmegar. As the resulting steam and smoke often fill the tmels, the workmen 
prefer to split the rock into pieces of 160 lb. or more, and for tos purpose they 
use iron wedges and hammers. These pieces are removed from the gallraes 
that have been hewn out, so that an open cavern is fomed. So imy ot these 
caverns or hollows are made adjacent to each other m ihe mountain that finally 
they collapse with a loud noise, and so the mineral in the mterior becomes 
exnosed. Often the eagerly sought gold vein fails to appear, md ihe long- 
sustained and arduous work which had often cost many human hyes has been 
in vain.” ... The miner of ancient times was nearly always either a slave 
or a criminal. Tliis explains why the means used remained unchanged for thou¬ 
sands of years. The purpose of machines is to economize labour or time. It 
was not considered necessary to malce ihe work easier for the slave, whose 
hard lot inspired no sympathy, although it kept him to the end of his days 
buried in the gloomy depths of the earth, suffering all som of torments and 
privations. There was mostly a superabundance of slaves. After campaigns there 
were usually so many tliat great numbers of them were massacred. So there was 
no dearth of labour. Time was as yet but little valued. And so it happened ih&t 
in almost all the mines of the ancients only the simplest means were adopted. 
In the copper mines of Rio Tinto and Tharsis m Jie Sp^sh province 
of Huelva, which were worked by the Romans and the Cartojmans, 
method of worldng was so simple that the slaves in Ae mines had to scra^ 
off with tlieir fingers tlie clay which covered the ore. The clay whch is found 
nowadays in ancient mines still bears the impress of thousands of fingers. 

Quite otherwise were the social foundations of the mining indus^ when 
civilization spread to northern Europe. Surface work on tm m Cornwall 
and Devon probably continued from the Bronze Age to earty medieval tunes 
on an essentially tribal basis. According to Lewis {The Stanmms) m 
workers of twelfth-century England were associations of free men. In time 

these profit-sharing,syndicates became transformed mto share-ownmg com¬ 
panies, employing wage earners. Even so, labour was stiH scarce, and pene- 
totion to deeper levels in a humid climate was ac^mpamed by constant 
flooding. Coal-mining, Which encountered further difficulties on its oto 
account, was a new industrial enterprise. Concerning the condition of the 

medieval coal mmer, Nef (r?te 0 /fiia M 

The modem organization of the coal industry, involving as it do^ the 
employment of a large industrial proletariat by absentee capitalists, makes it 
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easy to assume that the miner has always been a wage earner. When »labour 
leader in our day refers to tlie miners as the aristocrats of the labour move¬ 
ment . . . what he almost certainly has not in mind, though it might well 
appeal to his audiences, is the position of the miners in tlie Middle Ages, In 
medieval England labourers in the metal mines were often granted special 
privileges and immunities of a kind rarely enjoyed by other manual workers 

. . Feudal lords in some cases turned over their minerals in return for a 
share of the output, to small autonomous associations of working miners. In 
coal mining “many pits were worked by ‘mociatim charhnisreu’ ” 

Nef hints that coal, like gunpowder, paper, and (probably) the magnet, is 
possibly part of our ciiltural debt to Chinese civilization. The Chinese appar¬ 
ently kmew its use before the Christian era, and Marco Polo mentions the 
strange practice of the natives who burned for fuel “black stone... dug 
out of mountains where it runs in veins.” In western civilization its use does 
not seem to have been known before about 1200, at which date a Liege 
chronicler refers to a “black earth very similar to charcoal” used by smiths 
and metal workers. Though export from Newcastle is recorded in the four¬ 
teenth century, coal was little used before the beginning of the sixteenth 
century, and then mainly from outcrops. By 1597 it was “one prindpall 
commoditie of this realme.” By 1661 we are told that a “hellish and dismal! 
cloud of Sea-Coale hangs perpetually over London,” Mine-owners could 
no longer afibrd to throw away life with the recklessness of the Mediterranean 
slave-owning civilizations. How air becomes unfit for human beings to 
breathe, why some air is inflammable and why explosions occur, were 
questions which demanded an answer, and engaged the attention of the best 
brains. Francis Bacon, generally more ready with advice than with remedy, 
proposed a scheme for raising water from “drown’d mineral works.” Pumps 
were being introduced to drive fresh air into the tunnels as well as to draw 
water out of them. The wind was no longer blowing whither it listeth. When 
we know how to control anything, we cease to regard it as spiritual. 

This aspect of the social background of scientific discoveries which led to 
the rise of modem chemistry is discussed by Nef {The Ehe of ie British Cod 
/ntiwsifry) in the following citation: 

Boyle’s interest in experiments of this nature, and the constant discussion ^ 
of the Royal Society concerning the means of increasing the output of various 
commodities, or of heightening the efficiency of different tedmical p^ess^, 
show a trend of the utmost importance. These “natural philosophers’ of the 
English Restoration were economists as well as scientists; and, beside meir 
old religion, which they resolved should not stand in the way of their achieve¬ 
ments, they had begun to erect a new religion—the religion of production. It 
was one of Boyle’s principal propositions, to which he reverted again md 
again, “that the Goods of Mankind may be much increased by the Naturahst s 
Insight into Trades.” . .. There is a clear relation between the appearance 
of the extremely influential British school of "natural philosophers, md me 
growth of the British coal industry. The proceedings of the Royd S^tety for 
the first thirty or forty years following the grant of its cliarter m iObO, are fuU 
of discussions which have a bearing, often direa and perhaps even more 
frequently indirect, upon problems connected with mineralogy, with the mining 
and the use of ccd. Colliery owners like Lowther, who was a member, or 
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.1 

Sir Roger Mostyiij who was not, send in accounts of explosions or of new | 

methods of finding coal. Local naturalists send in samples of mineral fuelj or ■ 

of strata resembling it, to be analysed and examined. Sir Robert Southwell j 
reads a paper on the advantages of digging canals to supply London with 
cheaper co^. Boyle conducts experiments in order to determine the difference . 
between coal and wood. The members meet to consider the projects on fwt 
for smelting with coal. They puzzle over the causes for the strange fires wWch I 
occur in the coal seams. .. . Soon after the incorporation of the Royal Society 
the King signified his pleasure that no patent should be granted for any “philo¬ 
sophical or mechanical invention” until it had been approved by the Society. 

And the problem of invention in the seventeenth century was to a considerable j 
degree directly related to coal. “Through necessitie, which is the mother of . j 
all artes,” wrote Howe, in 1631, “they have of very late yeeres devised the ! 
making of iron, the making of all sorts of glasse, and the burning of bricke, 
with sea coal or pitcoale.” In this case the necessity was the substitution of coal 
for wood; in other cases it was the more adequate drainage of the mines, or 

the cheaper carriage of fuel over ground (pp. 263-4), j 

THE MECHANICS OF FLUIDS 

Galeo’s experiments on the way in which bodies fall overturned Aristotle’s 
doctrine without providing any alternative explanation of the familiar experi- 1 
ences which seem to support it. Our everyday experience of falling bodies 
■~of leaves blown from a tree, or tiles falling from a roof—suggests that the 
rate at which bodies fall depends chiefly on thek density or relative “heavi- [ 

ness.” Galileo’s experiments showed that this is not true about comparatively I 

heavy bodies of compact shape falling through ak. To resolve the paradox |; 

experience of everyday life suggests that we have to reckon with other ck- 

cumstances affecting the motion of falling bodies. Bodies fall under thek own j- 

weight through liquids. We all know that a penny falls faster in water than in ; 

treacle, just as it falls faster in ak than in water. We all know, too, that some 
bodies fall upwards, i.e. float, vfUt others fall downwards, i.e. sink, in a 
liquid, and that bodies like a piece of tin which will sink in water may float i 
on n heavier fluid like merairy. In other words, we have to take into account 
two facts which Aristotle rejected. One is that ak has weight. The other is that 
like other weighty things it has inertia, i.e. it objects to being pushed to make j : 

way for falling bodies 376), Galileo’s solution of the paradox was that if j, 

solid bodies are immensely heavy compared with ak, the effect of the ak on 
the rate at which they fall roust be negligible, So a croquet ball as large as a 
r^ nn on ball gathers speed at nearly the same rate. On foe other hand, a toy (, 
balloon as large as a camion ball is mostly ak. Its density is not very much 
greater than ak itseff. So it falls more slowly. 

Alexandrian science had akeady supplied foe clue, without recognizing its 
worth. One good reason why Alexandrian science failed to take foe step which 
would have made chemistry an exact science is suggested by foe fact which 
led Galileo to conclude that the weight of ak raises water in foe same way as 
foe weight of merairy (Fig, 230) does, Galileo knew what foe miners of his , 
time knew to thek cost, smee: it compelled them to raise water by relays of 
pumps and cisterns (Fig. 218). The Greek word for vulgarity was flavavoiu, 
which also meant handiaaft, especially smithy work, It came from ^awd?, a 
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Fig. 218 

(From Professor Wolf’s History of Science, Technology and Philosophy in the 
XVIth and XVllih Centimes) 

Tills illustration from the Agriepk Treatise ^ows pumps used m r^ 


thflt dir ha'! we cht Mobablv based tneirconclusion on me sbujc tauti.iw.vvv,,. 

“ who despised manual work and««®kvety for 
getting it done, devoted himself to refuting the materialist doctrine. His 
for slavery helped to stop chemistry from further advance for about two thousand 

years. 
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forge. Perhaps Aristotle hiinself would have known that water cannot be 
lifted more than about 30 feet by a pump, if his intellectual powers had not 
been hampered by contempt for work which could be carried out by slaves. 
Those who accepted the Aristotelian teaching relied on the self-evident 
principle that “nature abhors a vacuiun” to accoimt for the way a pump 
works. As Galeo sceptically remarked, they could offer no reason why this 
abhorrence stopped short suddenly at a height of 30 feet &om the ground. 

In Galileo’s Dialogues concerning Two New Sciences the following passage 
explicitly refers to the way in which everyday experience of the world’s work 
compelled attention to the weight of the air: 

Thanks to this discussion, I have learned the cause of a certain effect which 
I have long wondered at and despaired of understanding. I once saw a cistern 
which had been provided with a pump under the mistaken impression that the 
water might thus be drawn with less effon or in greater quantity than by 
means of the ordinary bucket. The stock of the pump carried its sucker and 
valve in the upper part so that the water was lifted by attraction and not by a 
push as is the case with pumps in which the sucker is placed lower down. This 
pump worked perfectly so long as the water in the cistern stood above a certain 
level] but below this level tlie pump failed to work. When I first noticed this 
phenom'^^^i^ I thought the machine was out of order] but the workman whom 
I called in to repair it told me the defect was not in the pump but in the water 
which had fallen too low to be raised through such a height] and he added 
that it was not possible, either by a pump or by any other machine working on 
the principle of attraction, to lift water a hair’s breadth above eighteen cubits] 
whether the pump be large or small, this is the extreme limit of the lift. 

We have seen (p. 243) that Alexandrian science had established what we 
call the fundamental laws of static equilibrium for solids, that is to say, the 
conditions which must be satisfied when two or more weights are perfectly 
balanced. The advanced development of irrigation in ancient times had also 
borne fruit in the discovery of general principles about the equilibrium of 
liquids. The basic principle of equilibrium for liquids depends on a fact of 
everyday observation. If two columns of the same liquid are in direct con¬ 
nexion and both open to the outside air, they are at rest only when the height 
of each is the same. For practical purposes height in this context usually means 
vertical distance above the ground, but if we consider the water of the oceans, 
it is evident that vertical height implies distance from the centre of the earth. 
The very old device called the siphon (Fig. 219) for emptying dstems depends 
on the same elementary principle of fluid equilibrium, which is the basis of 
any rational system of water supply for a dty. Why the Romans built aque¬ 
ducts across valleys is still an enigma. It may have been through inability to 
make strong pipes, or it may have been because much of the available know¬ 
ledge in ancient civilization was wasted through the absence of a syst^ of 
public instruction to diSiise knowledge from one field of human activity to 
another. The prindples of irrigation were fully understood by ^chimedcs 
m 200B.C., and the feats of hydraulic engineering achieved in dynastic 
Egypt were far superior to those of the Romans, 

If we apply Galileo’s way of measuring forces to the force thich pulls one 
column up and another down till the water “finds its own level,” we can state 


The Third State of Matter 369 

the prindple in a way which points to a number of other truths about fluids. 
Fig. 220 shows two columns of a fluid contained in two tubes connected 
by a cross-piece, hence the height {h) of fluid in each is the same. The bore 
of each tuk is uniform. The areas of cross-section (A and a) are different. 
The height Qi) of fluid above any horizontal level in either column is the 
volume per unit area of cross section = a), and the volume is propor- 




i 



he prindple that a Hquid “finds its own level” impUes that a difference o^rwurc 
:twL two columns of liquid, free to move vertically 
mnilv in nil directions Thus a tube used to connett two fluid columns of OTcrent 
rtiS heighSphons off the fluid in the higher colum tih both are to sme, 
towise to pressure of the fingers on a punctured rubber ball filled with water forces 

ater out of to pores at all angles to to plane of compression, 

onal to the mass, if the density of botii columns is the same. So if the height 
1 the same in both columns, the mass per unit area {m ^ a) is the same, and 
fotce of grarity acting on - ta fe-.) ia to the anne m 
olmm at the same levd. Foice pet tant area b called ™ 

ph imns are balanced when the pressure at one and the same 
1 the same in both. The siphon shows that the connexion between the 
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columns may take any path upwards or downwards. Hence the law of equili¬ 
brium for fluids also implies that pressure is communicated equally in all 
directions. 

This is the principle of the hydraulic press which has long been used in 


Ivol Ah= k 



Fig. 220 

Equilibrium between two connected columns of the same fluid, if both are free to 
move vertically upwards, is attained when both are the same vertical height. This 
implies that the force on unit area is the same at any level in each; hence a column of 
large seaional area will support a proportionately larger weight than a column of 
smaller area. Thus a small force acdng on a column of small sectional area will cause 
a^connected column of large sectional area to exert a proportionately larger force in 
the opposite direction. / ^ 

^ You will notice also that a large downward displacement of m would be necessary 
to produce a small upward displacement of M. As in the lever, the pullew and other 
machines, work is the product of the weight and the distance through whi^ it moves. 

textile industry. If a mass M rests on a float in one limb of area A, 
me pressure of tbe column below is increased by an amount M -i- A. Equi¬ 
librium is restored when a mass m is placed on the float in die other Ihnb 
of sectional area a, provided that - A = mg n. So a smaU weight 
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appUed to a small area will keep up a very large weight resting on a wider 
area in an arrangement lilce the one shown in Fig. 221, 



Fig. 221.— The Hydraulic Press 


A second principle of equilibrium for fluids known in ancient times is 
sometimes called the Archimedian principle. If you have ever tried to raise 
yourself while taking a bath you will have noticed that your body seems 
to be lighter when immersed in water than it is ordinarily. The downward 
pulling power on a body immersed m a liquid is ilierefore less tlian it would 
be in air. If a weight is immersed in water a smaller weight hanging freely in 
air will balance it. 

The difference is equivalent to the weight of the water displaced. A mass 
M in descending through a fluid is not immersed till it has raised an equivalent 
volume of the liquid (Fig. 222), It has to raise a mass w of liquid equivalent 
to its own volume, as well as the mass m in the scale pan, i.e, a total mass 
m “j- ra). If the mass in the scale pan balances it. 



M = w f ro 
w = M-m 


A body therefore loses weight in a liquid by an amount equivalent to 
that of the same volume of liquid. 

According to the Galilean method of measuring it, the puU on the descend¬ 
ing weight is the product of its acceleration and its mass. It weighs less 
in a liquid because, as we know, it falls more slowly than in air. If we call 
Its acceleration when it staris* to fall in water a, its pulling power is Ma. Tlfls 
pulling power is balanced by a mass m (= M - w) suspended in air. If the 
parachute in a later paragraph (p. 37fl) will explain the need for this 
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acceleration of a body falling in air is g, we have a pulling power Ua balanced 
by a pulling power i.e. 

Ma = (M 




Fig. 222.--THE Principle of Archimedes 


If M is the mass of the body when weighed in air, m its apparent mass when weighed in 
water, and w the mass of the water displaced, i.e. of the equivalent volume of liquid, 
M = « + a) 

or , , . w = M.~-m 

If V is the volume of the body (and hence of the water it displaces), its density is 
M -f V. The density of the fluid is to ~ V. Hence the ratio of the density of the body 
to the density of fluid is 

M-rV:a)-f-V = M-ra) 

The ratio of the density of a body to that of water (its “specific gravity”) is therefore 
Weight in air -r (Weight in air - weight in water) 


Since w and M are masses corresponding to the same volume, they are in the 
same ratio as the densities {d and D) of the fluid and the descending weight, 



Galileo’s way of measuring forces therefore shows us correctly when a 
body floats or sinks. If the body is very much denser than the fluid, d is Very 

small compared with D, and d -b D is a very small fraction. Hence 1 -- 

will not differ very much from unity, and the acceleration a of the body 
descending through the fluid will be nearly as great as it would be if it were 
falling through air. If the density of the fluid is nearly as great as that of 

the body itself, ^ will be a fraction just less than unity, 1 - g will therefore 
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be small, and a will be small compared with g. That is to say, the body will 

d 

fall very slowly. If the body is less dense than the fluid, - is greater than 
d . 

umty, and 1 -.g is a negative quantity. That is to say, the body immersed 


in the fluid will have an acceleration upwards instead of downwards. In other 

words, it will float. If d is exactly equal to D, is zero, and the 

acceleration is therefore zero. The body neither sinks nor floats. It rises or 
falls with the application of a very small force. The modem submarine is 
equipped with t^s which can be filled with water or emptied by means of 
a store of compressed air. When the tanks are quite full the total density of 
the submarine is slightly greater than water. The expulsion of a small quantity 
of water is then sufficient to make the submarine rise to the surface. 



Fig, 223.~-Expbrimental Proof of the Principle of Archimedes 
Two identical weights fit exactly into two cylindrical vessels. When one weight is 
suspended in water from a scale pan, the weight and its vessel in the opposite scale 
pan may be made to balance it by filling the other vessel with water to me brim, 

The same reasoning leads to another conclusion which can be verified, 
namely, the fact that a very small part of an iceberg is visible above the 
water-line. At freezing-point water is 1-088 times as dense as ice. So the 
mass M of ice below the water has an acceleration (1 -1 -083)^, and exerts 
a push on the?ice above equivalent to (1 - 1*083)M^ ss - 0*083 Ug, The 
negative sign indicates that the acceleration and push are directed upwards. 
If downwards, acceleration is denoted by the positive sign. The mass (w) 
of ic» above pushes downwards with a force equivalent to wg. And since 
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these forces balance one anotherj they are equal. Hence « = 0*083 Mj 
i.e. M the mass of submerged ice is about twelve times nt^ the mass of ice 
exposed. 

This gives us a clue for which we are seeking. Aristotle rejected the 
possibility that air has weight because a bladder weighs as much when it 
is blown up as when it is collapsed. We might just as well argue that water 
has no weight because a tin can weighs just as much in water after a steam 
hammer has flattened it out. A bladder inflated with air could only weigh 
more than one which was not inflated if both were weighed in something 
lighter than air, or in an empty space. If air has weight, its weight must be 



Fig. 224 


S Z for measuring force, we can infer the Archimedean principle 

ftom the observed fact that flmd pressure is communicated equally in all direction 

^ ™ ? posmon by another mass («) suspended in air at the same distance 

from the Mcrum from the Other arm of a balance*. The surface of a flnirl nf fiBncit-.. 
dis )ust level with the top of the immersed cylindef of mass M. The force actine 
downward on the mass Is mg. The force acting downward on dfe mas M wouldb? 

upward push of the fluid actins on the 
aSc * ’upward forc7o“base i 

^ ® ‘^™ard puU 

mg=-YDg~Ydg 


w«VD-Vd=VDf 

Since density is mass per unit volume (i.e. M=VD) 



M accomj^od B with die slowimtid to of a t^ 

b*,^o to toty by a yety small modiicatioo i. the original fom 
of Gahleo s pimcple. Suppose that bodies M through empty spa* neat Z 
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earth’s surface with constant acceleration^. If a is the acceleration with which 
a solid body falls in air, it will rarely differ appreciably from because the 
density D of most solid bodies is very large compared .with d the density of 
air. This is obviously not true of a toy balloon. It is largely composed of air 
when it is blown up. Its density D considered as a whole is not very much 



m „ 5:3;] 

M 7 D , 

Fig. 226.—Tiffl Iceberg 

The balances indicate the forces necessary to balance the downward pull and upward 
push of the two parts. For convenience of drawing the attachments are at the sides, 
Of course tilting will occur unless the attachment is vertically in line with tlie centre of 
gravity. 


greater than d, and 



is a small fraction. Hence it falls slowly. A gas 


less dense than the surrounding air (e.g. hotter air or coal gas) must have a 
negative acceleration for analogous reasons, and will therefore rise upwards. 


The behaviour of a parachute illustrates the fact that air has anotlier charac¬ 
teristic of weighty matter. It is sluggish, and tliis sluggishness or inmia gives 
us a clue'to the propagation of sound (p. 321) and to certain peculiaiities of 
falling bodies. On account of its inertia air resists any attempt to push it out of 
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the way. This resistance to displacement naturally depends to some extent on 
the shape of an object. It is relatively great if a moving object presents a large 
surface relative to its bulk, and this fact is the basis of streamline designs for 
fast cars. What is not easily recognized from our everyday experience of motion 
is that air resistance and that of any fluid medium is greater at greater speeds. 
Roughly speaking, air resistance is proportional to the square of the speed of a 
body moving in it. So when a body has been falling through air for some time, 
there comes a rime when the resistance which it encounters just balances its 
own weight. Thereafter it gains no more speed. It continues to move at a fixed 
speed, On account of its shape a parachute has a high initial resistance. Since 
it traps a lot of air, its effective density is small. Hence its initial acceleration is 
also small. It reaches the limit of its power to gain speed very quickly. 

If he did not cut the cord to release tire parachute after jumping from his 
plane, an aviator would continue to fall through a relatively long distance while 
gaining speed at a rate differing little from the fixed acceleration of bodies 
falling in a vacuum. At a certain limit his acceleration would fall off rapidly, 
reaching a “terminal” fixed speed many times greater than that of a para¬ 
chutist. By the time he was travelling 170 miles per hour, he would have 
ceased to gain speed. In the Galilean sense, he would have no effective weight, 
Why then would he be mangled? An everyday experience provides the 
answer. If an egg is dropped from a height of half an inch, it is not broken. 
If it is dropped from a height of six feet it is smashed. Within these limits its 
Galilean weight does not differ sensibly. So its Galilean weight is not directly 
responsible for disaster. The egg shell has internal inertia, and extensibility. 
It cannot communicate motion throughout all its parts instantaneously. When 
the bottom touches the ground, the top is still moving. So some parts are losing 
speed more quickly than others. At the moment of impact the distribution 
of accelerations is not uniform, and these accelerations correspond to Galilean 
forces. Thus there is an unequal distribution of internal stresses which in one 
direction or another exceed the breaking point. How big these internal stresses 
are depends on whether the speed immediately before impact is great or small 
compared with the rate at which the materid of the shell can communicate 
motion. The surface of a mouse is much greater relative to its weight than that 
of a horse. Hence it encounters much greater air resistance and has a much 
smaller terminal or limiting speed of faU. For this reason it can fall through a 
much greater height without being killed. 

When von Guericke and Boyle had devised a pump for sucking the air out 
of a vessel, Newton was able to show that a guinea and a feather keep pace in 
falling through a vacuum. Proof that air has weight first came ftom another 
source. Before explaining how the discovery was made, two ptripirtV^ ] appli¬ 
cations of the Archimedean principle in everyday life may be noted. The 
density of some saleable fluids (e.g. milk and spirits) is controlled by legisla¬ 
tion, and ±e density of the fluid in storage batteries is a useful indicator for 
testing when they are My charged. For routine determinations of this kind, 
accurate weighing of an accurately ascertained volume of fluid would be much 
too laborious, and is replaced by the device known as the hydrometer 
(Fig. 226). This is essentially a metal tube or a glass tube with some mer¬ 
cury at the bottom to make it sink till the weight of fluid displaced is equiva¬ 
lent to the weight of the instrument. The volume of fluid whose weight is 
equivalent to weight of the instrument depends on its density, So the hydro¬ 
meter sinks more if the density is lower, A graduated scale records the length 



of the submerged part. The divisions marked off correspond to the levels 
which fluids of particular densities reach. Only relative measurement of 
densities is made in this way, water being taken as the standard. Density re¬ 
ferred to water as tlie standard {d ~ 1) is called specific gravity.* 



Fig. 226 

The scale marks show how deeply it sinks in fluids of different density 

A second application of the principle of buoyancy is the “P/wo//” line. 
An iron ship floats because the weight of the shell is far less than the weight 
of the total volume of water displaced. Every addition of cargo makes it sink 



The PlimsoU line on all ships in Lloyd’s register, L.R. The several marlrs are the 
loading limits for fresh water, Indian summer seas, temperate seas in summer and 
winter, and winter in the norih Atlantic. 


further till an equivalent weight of water is displaced. It is not safe to load 
a ship so heavily that the addition of a small amount of extra ballast will 
sink it. The limit of safety depends on the density of the water, which varies 

* If voluhae is measured in c.c.and weight in grams, the density and the specific 
gravity of the same substance have the same numerical value at 4° C., since 1 c,c. of 
water at this temperature weighs 1 gm. 
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appreciably according to its salt content and temperature. Sea water is denser 
than fresh water, as we know if we are swimmers, and the warm tropical 
waters are less dense than Arctic seas. The law now enacts that aU vessels 
carry a scale like the scale of a hydrometer, showing the different levels 
beyond which the water level must not be allowed to pass when loading in 
fresh or sea water, arctic or equatorial seas (Fig, 227). 

THE PRESSUEE OF THE ATMOSPHERE 

The most direct way of proving that air has weight is to compare the weight 
of an exhausted vessel with its weight when filled with air. When tlie temper¬ 
ature is 60“ F. at sea-level, the weight of one litre (1,000 c.c.) of air is approxi¬ 
mately grams. That is to say, a vessel of 1 litre capacity (roughly one-fifth 



Two simple experiments illusttating the weight of the atmosphere. In the right-hand 
one, the pressure of the air, communicated like the pressure of the water in the siphon 
in all du-ections, keeps a full tumbler sealed by a piece of paper placed across the 
open end. 

of a gallon) weighs 1| grams (about a twentieth of an ounce) less when 
exhausted. The discovery that air has weight did not result from, but pre¬ 
ceded, the discovery of the vacuum pump. It was made by Torricelli, a pupil 
of Gahleo, about the year a.d. 1643, and was reaUy a miniature demonstration 
of the principle which underlies the necessity of raising water in relays 
(Fig. 218). According to Burnet, the Ionian Empedocles correctly interpreted 
the raising power of the common pump as the weight of the air pressing on 
the source of water. If so, the early Greek materialists had solid ground for 
their faith in the indestructibility of matter. Be that as it may, Aristotle’s 
teaching triumphed, and, so far as we know, was accepted by the Alexan¬ 
drians, whose knowledge of die mechanics of fluids should have sufficed to 
exhibit the flaw in his reasoning. 

An old trick which is easy to repeat with a tumbler of water and a wash 
basm may have suggested the experiments of TorricelU. If we turn a tumbler 
upsde down under water and draw it upwards, the water does not descend 
mside It, so long as the rim is just below the surface of the water. If we 
place a piece of paper on a tumbler brimming over with water, we can turn 
It upside down in w without emptying it. The paper remains apparendy 
glued to the edge. In performing similar experiments, in which a cylinder 
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filled with mercury was inverted over a trough containing mercury, Torricelli 
found that the fluid descends a certain distance if the cylinder is sufficiendy 
long, leaving a space above it without any sign that bubbles of air have 
passed up. The vertical height of the mercury column with die empty space 
(Torricellian vacuum) above it was not affected by tilting the cylinder side¬ 
ways, or by using tubes of different sectional area. At sea-level the height 
of the mercury column above the level of mercury in die trough is 760 mm., 
or roughly 30 inches. A variation of the original form of the experiment is 
to fill with mercury a U-tube of which one limb is closed, holding it in a 
nearly horizontal position, taking care to let in no air bubbles. If the other 
limb is sufficiendy long the mercury sinlts in the closed one when the U-tube 
is held upright till the vertical difference between the two columns is 760 ram. 
(at sea-level). Either arrangement is what we now call a mercury barometer 
(Fig. 229). 

We have seen that pressure at any horizontal level in a fluid is the force 
exerted by the weight of the overlying fluid on unit area {mg ~ a). Since mass 
, is the product of volume ( 0 ) and density (4 

pressure = vdg a, 

and since volume per unit area {v ~ a) is the height (A) of the overlying 
^lumn, the pressure or force per unit area of a column of fluid on its base 
is Mg. To put it in another way, a pressure Mg is required to raise a column 
of fluid to a height h. For measuring what supplies this pressure, the equili¬ 
brium of two liquids of different density (Fig. 229) fumishes a precise parallel. 
Two connected columns of fluid are oifly in equilibrium when the vertical 
height of both is the sanie, providing that their densities are the same. If a 
straight open tube dips into a trough of mercury, the mercury in it rises 
above the level of mercury in die trough when water is poured on to the 
latter. Similarly, if water is poured into one limb of a U-tube containing 
mercury, the mercury in the other rises a little. In either case the more general 
form of the law of equilibrium is true. At any level in the mercury the pressure 
of botii columns above it is the same, e.g, at the level where the mercury 
(density D) is in contact with water (density d), the heights of the overlying 
columns of water (/?) and mercury (li) are such that 

HDj' = hdg 

or 

'.V H-r/j = d-rP 

This means that if mercury is 13| times as dense as water, a column of 
mercury could just be supported in a vertical position by tlie pressure of , a 
column of water 13|- times as long, in the same way as the water in the 
tumbler is supported in a vertical position by something pressing on the 
paper and communicating its pressure upwards and downwards in all 
directions equally. r 

In these experiments we have water on one side of a mercury column, 
and no water on the other. The pressure exerted by the weight of the water 
maintains the difference in level between the two columns of mercury In 
the barometer we have air on one side and apparently none on the otlier. 

Is die pressure supplied by the fact that the air has weight? A simple experi- 
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mmt completes the analogy. If we withdraw some of the water in the last 
experiment (Fig. 229), the height of the water column is less, and the differ¬ 
ence between the two levels of mercury is diminished. We can make the 
height of the air column pressing on a mercmry barometer less by taking 
the barometer to the top of a mountain. This test was devised by Pascal 



FlO. 22!) 

Above, two forms of tlw barometer. Below, the weight of a column 'f« 
on mereitry (density D) with u force - hik wr unit area, lifts a column of mcra ry 

to a Iwi^t H in the same way as the weight of the atmosphere maintains the mercury 
level of the bfttometer, 

(about KMH) soon after Torricelli’s experiments, and is now used as a means 
of calculating altitude. At the top of Mount Everest (5| miles up) the weight 
of the atmosphere will only .support a column of mercury 11 inches high. 
At the height of 9 4 miles, reached by Professor Picard in Ml (Fig. 241), the 
mcrcuiy barometer only registers 5 inches, That the same force acts on any 
Hquid is easily proved. Since mercury is 13 | tiffics as dense as water, the 
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pressure which supports a column of mercury 30 inches long at sea-level 
would support a column of water 13| dmesj as high, i.e. about 34 feet. 
This is easily shown to be true, and provides a good enough reason for pre¬ 
ferring the use of mercury to water in constructing a barometer. There are 
several others. 

The most familiar use of the barometer in everyday life depends on the 
fact that water vapour is less dense tlian air. So a mixture of water vapour 
and dry air is less dense than pure air. Since the height of the atmosphere 
may be taken to be nearly constant, changes in the atmospheric pressure at 
any particular place chiefly depend on moisture and temperature. A fall of 
pressure means that the air is less dense, and this generally means that it 
is more moist. Hence rain is to be expected. This rule is not highly reliable, 
because changes in pressure also result from unequal heating of the earth’s 
surface. Warm air is less dense than cold air, and the atmospheric pressure, 
therefore, depends partly on the temperature. It is constantly changing 
because of the winds so produced. A further complication arises from the 
fact that more water vapour is required to saturate warm than to saturate 
cold air. In an island climate, the direction of the wind is specially important. 
In England rain may be anticipated when cold winds are blowing over the 
sea from the north-east, even if the barometer is rising. In the weather 
forecasts now published, most importance is attached to the relative distri¬ 
bution of pressure based on wireless signals which make it possible to record 
how zones of high and low pressure are shifting from day to day. A chart 
constructed on the basis of simultaneous records of pressure at different 
stations will frequently show closed areas of high pressure (anti-cyclones) 
from winch dry winds are blowing spirally outwards, or dosed areas of low 
pressure (cydones) where wet winds are blowing spirally inwards. Their 
position changes from hour to hour, so that it is possible to foretell within 
short limits where they will next be. The approach of a cyclone betokens 

wet weather, that of an aoti-cydone dry weather. 

At sea-level in our climate the height of the mercury column varies between 
29 and 31 inches. Since the force acting on unit area at the base of a column 
of fluid Qidi) only depends on its height, density, and the value of g which 
varies only very slightly with latitude and altitude, it can be calculated at 
once from the height of a column of fluid of known density. The mass of 
1 cub. ft. of mercury is 848 lb. The weight of a column 1 sq. ft. in cross- 
seciional area and 30 inches high is 848 x 30-b 12 = 2,120 jb So the 
pressure of air which supports it is equivalent to a weight of 2,120 lb. on 
every square foot, or approximatdy 14| lb. per square inch. A barometer 
can also be adapted as a pressure gauge (Fig. 230) in measurmg low or high 
air pressure when exhausting a space, compressing a gas, or recording the; 
pressure of a water supply. Pressure is often measured in atmospheres, 
tiie standard or unit (one atmosphere) being the mean pressure at fteezmg 
temperature in latitude 46». This is 760 mm., or 29*92 “oheM “er«w, 
or 331 feet of water. Thus the pressure of a town water supply that will raise, 
watafia an upright tube 100 feet high is almost exactly 3 atmospheres 
That is to say, foe force exerted on every square inch is eqmvalent to a weighty 

of3 x l4i or 44 lb. to the nearest pound. I 







THE SPRING OF THE AIR 

To l)e useful, a recipe for making substances must include the quantities 
of tlic ingredients and the yield. The importance of chemistry in modern life 
depends on the fact that it can give us rules for finding recipes of this .sort. 
Modem chemist ry re.sts on the doctrine of the Greek materialists. In chemical 
ftrocesscs no matter is lost. Increase in the weight of one ingredient of a 




. f 


Pm, cao 

Two type.'! «t'pressure giwgc. llw upper wiu is fur inciisuring smal! pressures, iu the 
neiglifiiwri'wiua of»vacuum. Tlu* lluat dtirs run begin to fill until the pressure in the 
chamber to which the Oj'cn end is uttiidied falls helow that of a column of fiuitl 
of length Hj i.e. the gauge only measures pressures les.s than If. When the llnitl 
begins to thop the differenM h measures the uctual pressure in the chainher. The 
tower one is ior measuring .sm*!l pressures in e.sce,s.s of that of the ftimosphefc 
(e.g. that of (tie gas supplv). The dilkrcnce h h the excess of pressure over that ef the 
aimosjiherc; i.e.’h must he added to tiw height of the harometer reading to get die 
(uf isuit in the diambcr. I’ither type of po|c may be made mote scmiiive by iBing 
a light iluid like water instead of mercury, Of course, pressure meaiured in lengtlia 
of a column of iluid means nothing unless the iluid is stated. If water k used for the 
lower type the Imromctef reading which must be added to h muac be given in vmtter 




of weight of others which go to its making, 
no jrffiers/ rules for obtaining a good yield, 
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the ore was reduced in the absence of air by heating with charcoal, the latter 
disappeared, leaving only metal lighter than the original calx. Why this 
should happen tliey could not see, because they did not realize that air is 
ponderable matter. From the beginnings of the Iron Age, no substantial 
progress in the understanding of chemical processes was made, or was pos¬ 
sible till air had ceased to be a spirit. When first carried out the experiments 



iFiG. 231 .-Medical Advances in the Social Context of the Common Fump 

When the inechanl.OT of the common pump was fully understood, die old belief that 
respiration allows the vital spirits to escape ftom the body made way for the recogni¬ 
tion tliat the chest movementB are simply a mechanical device to ensure die 
spongy cavities of the lungs whose thin walls are abundantly supplied wim blood 
vessels receive a constant supply of fresh air. The fimdamental pecmiaxity of the third 
.state of matter is diatlit spreads out in all direcuons to occupy all the empre space 
available. Among Ills many experiments on the mechanics of the pump, von Cmericke 
showed that a balloon can be expanded till it burst, if enclosed m a large mr pace 
from which the air is pumped out. The experiment crate varied by using the lungs 
of a freshly killed sheep. If the windpipe is made airtight by a ligature the lungs cp 
be mfiated to bursting point. In other words, the space whiaia gas occupies depends 
on the external pressure to which it is subjected. An altemadye modiflcation of von 
Guericke’s experiment shown in this fime illrntrates what happens m nom^^^ 
breathing. The windpipe is open to tlie air. The cavity of the glass bell lar in wmcli 
the lungs are suspended is airdght, and the floor of the bell jp is closed by a rubber 
sheet which can be depressed by a cord, thpeby increasing the capacity of tk over- 
Lg space containing the lungs. When this Is done the ungs can be rhytluxucally 
iafiaUand deflated by the up and down movements oTthe cord. Tlus corresponds 
to the action of the muscular diapliragm or midriff which separates the 
or thorax from the abdomen. During inspiration die midriff is depressed so that 
frab air rushes through the windpipe into the lungs. Wben_it is elevated duri^ 
eSiraSn!Tomc of the foul air is eLued. The 
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of TomccUj and Pascal, now almost commonplace in their simplidty, were 
the focus of one of the greatest revolutions in human knowledge. They made 
air a weighty matter. 

By tlieraselvcs, all these experiments showed was tlrat air has weight. 
They tell us what die weight of die whole atmosphere is, but not the weight 
of a given quantity of air, This was made possible by a discovery wluch 
followed immediately afterwards. In the social circumstances of Galileos 
generation one of the pressing technological problems which attracted atten¬ 
tion was how to pump water out of mines, and fresh air into them. The 
mechanism of the pump depends on what Hooke called the “spring of the 
air.*’ 'fhe discovery of the vaeumn was a necessary result of a correct under¬ 
standing of how pumps work. Aldiough most of us think that we know all 
about how a pump works, dicre is much to be learnt from it. So far we have 
only considered the force a fluid-—liquid or gas-can exert by its own weight 



Fm. c.Ti 

llie incssure at the base uf a coliimii of fluid of height h is measured by hds only if the 
‘ culuinn is free to move upwaids. 

downwards, The measurement of pressure by the product hd^ implies that 
the fluid is only prevented from moving upward ly its own weight. In a 
vessel closed at the top this is not so, Since a fluid communicat^ pressum 
in all ditcciions the pressure of fluid at the base of the projecting arm in 
Fig. 2:j*i is the same as the prasure at the same level in Ac main body of the 
fluid, and this does not depend on the hdght of the fluid in the dosed limb. 
Similarly, solid bodies do not merely exert prasure in virmc of their wdght. 
They also exert pressure agaiMt any attempt to change thdr shape or volume, 
and hence to'fy. If we stretch a piece of spring it returns to its normal 
position when we let go. If we press on the handle of a bit^dc pump when 
the orifice is dosed, it springs back when we release our grip. The pressure 
of the air within it is greater than that of the outside air when its volume 
is diminished. Conversely, it is less than that of the atmoaphae when its 
volume is increased. The action of the once “common pump” depen^ on 
the same fact (Kg. 233). Ming the piston increases the volume of air in tte 
cylinder, and the water rises because the pressure of the atmosphere m me 
well is greater than the pressure of the air in the pump i^df. ,, . 

A difficulty which prevented people to looking on m as a matetnu sub- 
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stance may have been partly due to the characteristic which spedally distin- 
giiishes the third state of matter from solids or liquids, In the gaseous state 
matter is highly compressible. Liquids and solids only suffer minute changes 
of volume under tremendous pressure. In ordinary conditions each has its 
own characteristic density which is fixed. So, when we speak of a quantity 
of something in everyday life we do not need to draw a sharp distinction 
between mass and volume. We measure groceries in pounds or pints 
according to convenience. A pint of bran or meal or beer represents as 
definite a quantity of matter as a pound to us. Nothing we do to a pint of 
beer by ordinary metliods at our disposal makes it less than a pint, and two 





FiQ, 233.-THE Common Pump 

Any pump which continuously forces or sudes up a flmd must have two vrives.Jn; 
tiieiiwre one valve is the leather washer of tlie piston. The hps of tins are kept dosed: 
by Eessme of the air in the upstroke. The other is a metal trapdoor kept tightly 

shut by the pressure of the water in tlie downstroke. 

Dints weigh twice as mneh as one. Unless we know the state of compression i 
of a gas nothing of the sort is tme. Two pints may weigh less than one pint; 

men we stretch a spring is mass temains constant, but its idms pet umt; 
length diminishes. So to deduce its mass ftom to length ire needm toldj 
wtot is the stretching force, and how to length varies with «. To ded»i 
anything about the mass of a gas ftom to volume we have to know^ow the| 
d^of a nnit of mass. i.e. to volume, de^ds on the pressure, 
nm VOT good reasons why it is important to know te conneaon. We osuajy. 
measnrT Uqnids and powdery solids by volume, tense it is _grfy 
eato to rneasrae volume than to measiiie mass. This is sjrfy me of 
kOTse they ate so light in ordinary cmrotances. So no advance: 
La^ds m understanding of how die weights of gases and sohds are cm-. 

S.whentheyentermtocomhiiBtion,ffliddkiapid,untditwa8i^bfe 

mSetheUtofkSatta^^" 

^rjTmhave !»*.»“? P“p4 

Sim dosh^-np time if dl beer were weighed our on 
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scales before being sold. Another fact which made it important to determine 
the spring of the air was that we cannot calculate how the barometer is 
affected by altitude unless we Imow it. The atmosphere gets more rare as 
we ascend. If the density of the air were the same at all levels we could 
calculate pressure at any altitude from the product Mg, Since the lower 
layers of air are pressed under the weight of all the air lying above them, 
they are more dense. 

Discoveries, like misfortunes, rarely (if ever) come singly. They have 
their roots in the social aperience of the time. The law of the spring of 
the air was independently discovered by Boyle and Hooke in F.n g lgnrt, 


A 

b 1 f I 



Fig. 234.--Bo'srLE’s Experiment 


The outside pressure is H, the difference of pressure between the air in the closed and 

open columns IS/. So the pressure in the closed column is/ +H. 

and by Mariotte in France, within a few years of Pascal’s experiment. In 
England it is called Boyle’s law, though the 'credit is probably due to Hooke. 
To discover it, he used a U-tube containing mercury, one limb being 
closed CFig. 234). If the bore of the tube is uniform, the volume (®) of air 
in the closed limb is directly proportional to the lengtii of the air column L. 
When the level of mercury in both limbs is the same, the air in the closed, 
one (A) is not compressed. Its pressure is therefore equal to that of the 
atmosphere (H), (i.e. that on the base of a column of mercury roughly 
30 inches high). If the limb A were in communication with the air the 
mercury would rise to the same level in both limbs when more was added 
to limb B. If it is dosed, the mercury does not rise so far in limb A, and 
tire ^erencc of pressure is proportional to the difference (I) between the 
heights of the two columns. So the total pressure (p) of the gas in the closed. 
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limb is measured by the (/ -j- H). Since pressure incteases when volume 
diminishes, the simplest rule to explore is that the pressure varies inversely 
as the volume, i.c. 

k 


Since L is proportional to ® and (/ -f H) to p, this is true if 
L(/ + H) = constant 

Some data from one of Boyle’s experiments (1662), when the barometer 
reading was 29^ inches, show how closely this rule was found to be true. 


L 



12 

0 

. 349*8 

11 

m 

351-3 

10 
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363-1 

9 

i«A 

363-3 
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866-6 

7 

21,5, 

862-2 

6 


362-9 

6 

41,a, 

863-4 

4 

88,1 

349-0 

3 

88-^. 

362-7 


Taking the mean value of the product as 362'3, you will find it instructive 
to test the limits of accuracy by calculating I from observed values of L, thus 

L(/ + 29A)==362-3 

/=:(362«3-M)-^29^ 

The largest discrepancy, when L ss 4, gives l~ 88-075 - 29*126 « 68*96 
as compared with 68*126, an error of less than 1| per cent. Over a wide 
range the experimental error is very much smaller when the best modem 
glass and a more finely graduated si^e is used. For most practical purposes 
the connexion between the pressure and volume of gas is therefore given 
by the formula 

Since volume is inversely proportional to density, this is equivalent to saying 
that pressure is directly proportional to the density of air (or other gas), i.c. 

■ ■'■■■■■ P“..Kd' 

or that density is directly proportional to pressure, i.e. 

, d~ K'p 
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Assuming that the temperature at which all experiments arc carried out 
is the same, Boyle’s law tells us how to calailatc the density of a ps at any 
given pressure, Hence wc can calculate the mass of a given volume at a 
particular pressure, once its density has been found at some standard pmssurc. 
The densities of gases are usually given at the stanprd pmssure of 700 mm. 
of mercury. If a gas occupies a vessel whose capacity is 88 c.c. at 700 mtn., 
and at the temperature of freezing water {if C.), 760 x 38 = ft. If «s 
volume at 0“ C. and standard pressure is V, 700 V~k. Hence 

760 X 38 ^ 

V_.^».87.6c.c. 


domishvhi 


The bitvcle hurno fuul tyre, like the common pump for rmsing water, have two 
vata leS washer valve of the piston is kept closed by the greater p^uie 
in the cyilmier during the dowustroke, wd the rubber tube valve of the tyre a kept 

do-sed by die greater pressure of the air in thc iyrc during the upstroke. 

So if its density at standard pressure and 0” C. is 1*3 grams per htre, (1,000 
C.C.), the mass of 38 c.c. at 750 mm. and 0® C. is 

(1*3 X 87-5) -f 1,000 » 041876 grams. 

As we all tow, hot air rises. The density of air or any gas dimirashes 
considewhly w the tem|raturc is changed, if the pressure is kept to same. 
So Boyle’s law by itself is a safe for measuring gases only if m otpen- 
meats MO done ths sm tmpmlwe, Mariottc used it to calctote^(!W 
Fia 241) to pressure of to atmosphere at any height above sea-lcvd, by 
allowing for to changes in density due to to compression of to lower layers 

ofiirby tooM.Iytegibove. : 
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THE VACUUM 

To measure gases by means of Boyle’s law in the way illustrated by the 
example, we need to know their densities at some standard pressure and 
temperature. This can be, done once for all by weighing a vessel of known 
capacity when filled with the gas, if its weight has been found when it contains 
no gas at all, like the empty space above the mercury in a barometer. A great 
advance was made when the common pump was adapted for creating a 
vacuum. The invention, for which von Guericke seems to have priority 
over Boyle, was made about the same time as the discovery of the spring of the 
air, and like it happened independently in England and on the Continent 



Fig., 230 

A vacuum pump may be made from a bicycle pump by reversing to position 
oftovalves. 

about the same time. If Boyle is justly called the father of modem chemistry, 
von Guericke might with equal justice be called the father of steam power. 
A device with which he used the suction of air in filling a vacuum to raise 
weights was without doubt the parent of the mechanisms which led to the 
construction of the Newcomen engine. ^ ^ ^ 

The invention of the vacuum pump also made it possible to submit 
Galileo’s doctrine of terrestrial gravitation m to modified form, which hy 
been stated earlier in this chapter, to the decisive test which Newton applied. 
By showing that a feather and a guinea fall through a long glass cylinder at 
to same rate when all the air is drawn out of it, Newton furnished dire<^ 
proof tot bodies fall with constant acceleration vacuo. m constancy witii 
which compact heavy solids fall, as in Galileo’s experiment, toough air is 
not remarkable when we remember how bodies gain speed m falling through 
a fluid. The vacuum pump made it possible to show ton tot to weight ot 
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ail at room temperature is only about 75 lb. per 1,000 cub. ft. An equal 
quantity of glycerine weighs about 1,000 times, and of water about 800 times, 
as much as ait at atmospheric pressure. Neglecting air resistance, this means 
(see p. 372 ) that a substance with the density of glycerine would fall through 
air at an acceleration (1 - t^) times its acceleration in a vacuum. So the 
value of g calculated from observations in air would only differ by one part 
in a thousand from g measured in vacuo. A solid piece of indiarubber has 
about the same density as glycerine, and if it happens to be a golf ball, falls 



, Fig, 237.—DEPRESSION or the Barometer Column by 
AN Air Bubble 

In making a barometer or pressure gauge, it is important to exclude small air bubbles 
between the mercury and the glass. The presence of bubbles exerts a pressure in die 
dead space, deprcssmg the mercury column below the level to which it would rise if 
the vacuum were perfect. The height of the column measures the difference in pressure 
between the atmosphere (pressure P) and that of the dead space. If the latter is a 
vacuum the pressure in the dead space is 0, and the difference P - 0 = P. If the 
dead space is not a perfect vacuum: 


difference in pressure (p)« pressure of atmosphere (P) - pressure in dead space. 
.■. pressure of air in dead space » P - p 

Suppose e.g. that an air bubble of x c.c. at pressure P is introduced into the dead 
space of apbe of umform sectional area a sq. cm. By the law for the spring of the air, 
Px If the dead space w incfeased from D cm. to d cm. and the pressure drops 
fi:omPtopcm,,d“D = P-p. 

.*. daP—p-f D ' 

The volume occupied by the air bubble at the new pressure (P - p) is ad 

(P — p)ad = ^ Px 
aCP - p) (P ~.p + D) « Px 

“ this equation is p, if the dimensions of the tube, size 
1 * Pwsure, have been measured. Hence the new 

nei^tofthe column can be calculated. usw 
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like the balls in Galileo’s experiments. If it is made in the form of a football 
bladder, which can be blown up till the volume of air it displaces is several 

d 

hundred times as great as the rubber itself, - may be very nearly equal to 
unity, and ~ ^ very nearly equal to zero. So it will fall very slowly. 



Fig. 238.—Relation of the Air Space in a Diving Bell to the 
Depth of Immersion 

If the se^onal wea of the bell is A, the dead space is A6, and the total capacity is Ac, 
Hence the relative volume of the air space is 6 -r c. The pressiue of water at the 
depth d IS equivalent to atmospheric pressure P (cm, of mercury), together with the 
weight per umt area of d cm. of water. Since mercury is 13*6 times as dense as water 
flcm. of water IS equivalent to d -M3* 6 cm, of mercury? and since water transmits 
pressure equally in all directions the pressure in the dead space in equihbriiun witii 
water at the same depth in cm. of mercury is 

P +jp cm. 

Hence according to Boyle’s Law, 

. b 13.6P 
•*c“l3.6P + d 
If the depth is very great we can put a instead of d. 


THE REVIVAL OF ATOMISM 

Whatever credit may be due to Aristotle as a student of animal life, his 
treatise on physics was neither original nor in advance of his time. His 
Attic partiality for disputation triumphed over the robust common sense 
of bis Ionian predecessors in an attempt to accommodate Plato’s idealism 
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with the claims of natural enquiry to rank as a gentlemanly pastime. In 
the end the supremacy of .Plato’s mysticism was the death-blow to Greek 
natural science. Cyril Bailey’s collection of the remnants of Ionian know¬ 
ledge show that the earlier Greeks had an uncanny gift for drawing correct 
conclusions from careful observation of nature without elaborate equip- 



Fig. 239.~Measorement of Density by Fluid Level 


On the left aie two tubes immersed in the same fluid of density D. The dead space of 
one, in iMch the mercury level is H cm., is a vacuumj and HD^ is the difference of 
pressure ^een me atmosphere and a vacuum, i.e. the atmospheric pressure in units 
! ^ mercury level is A, contains some 

aft. Ihe mfference m pressure between the dead space and die outside air is 
Hence ff P u the pressure inside the dead space, HD^ ~ P = KDi and P = HDf - 
=■ D^(H - rt). Since D is the same if the same fluid is used and f is the sW 
locahw we express the pressure difference between two lots of gas by 
me d^erence of height (H - h) of mo pressure gauge readings. If some air is sWd 
® dipp^ into two different liquids, one of density D rising to level L, 
me omer of density d nsmg to level /, the difference between the pressure of air P 
in me closed space and mat of the outside air (A) is A - LDp as measured bv the 

rimt-todlirnb'^enw measured by me rise of fluid in me 

A — LD^' ==A-ldg 
IDg = Mg 
L d 

SS: mmm 


i.e. me densities are inversely proportional to me heights of me columns. 

mmt such as we possess. The doctrine of Atomism which Aristotle applied 
^ ms mgwmty to overthrow was more than a lucky guess. It was th^fruit 
ot dose observation by men in close contact with the world’s work. 
.Although dominated by Plato’s teaching, which treated the shadow world 
of everyday ^perience wim contumely, the revival of classical learning had 
one salutary effect on scientific enquiry. It led to the study of Plato’s an^on- 
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ist, Epicurus, who had adopted the Atomic doctrine of Leucippus and 
Democritus. Prominent among the translators and commentators of %icurus 
was Gassendi, who was one of the founders of the Paris Academy. Gassendi 
was the irreverent ecclesiastic who first determined the speed of sound in air. 
He also carried out an experimental demonstration which led to the abolition 
of witch-burning in Catholic France more than half a century in advance of 
Protestant Scotland. The incident is recounted in Robertson’s A Short 
History of Freethought Ancient and Modem (Vol. 11 ), as follows: 

Among his otlier pracdcal services to rationalism was a curious experiment, 
made in a village of the Lower Alps, by way of investigating the doctrine of 
witchcraft. A drug prepared by one sorcerer was administered to others of the 
craft in presence of witnesses. It tlirew them into a deep sleep, on awakening 
from which they declared tliat tliey had been at a witches’ Sabbath. As they 
had never left their beds, tlie experiment went far to discredit the superstition. 
One significant result of the experiment was seen in the course later taken by 
Colbert in overriding a decision of tlie Parlement of Rouen as to witchcraft 
( 1670 ), That Parlement proposed to burn fourteen sorcerers. Colbert, who 
had doubtless read Montaigne as well as Gassendi, gave Montaigne’s prescrip¬ 
tion that the culprits should be dosed with hellebore™-a medicine for brain 
disturbance. In 1672 , finally, the king issued a declaration forbidding the 
tribunals to admit charges of mere sorcery^ and any future condemnations were 
on the score of blasphemy and poisoning. 

Epicurus was not himself a scientific investigator. He was interested in 
man’s social life. Like Karl Marx (who wrote his doctorate dissertation on 
the Greek atomists), he regarded the teachings of natural philosophy as the 
proper basis for social conduct. Seeing how stupidity and cruelty like witch- 
burning results from terror of the gods, he believed ±at human relations 
would become more wholesome as men learned to recognhe the orderly 
routine of a world in which no divine dispensation gives them a natural right 
to keep slaves. So Aristotle’s hatred of materialism receives a sufficient 
explanation from his partiality for slavery. 

The materialism of Democritus had two fundamental tenets. The first is 
what we now call tlie conservation of matter. It is expressed at the conclusion 
of an eloquent passage by the Epicurean poet Lucretius in the memorable 
words; 

When human life to view lay foully prostrate upon earth crushed down 
under tlie weight of religion, who shewed her head from the quarters of heaven 
with hideous aspect lowering upon mortals, a man of Greece ventured first to 
lift up his mortal eyes to her face and first to withstand her to her face. Him 
neither story of the gods nor thunderbolts nor heaven with threatening roar 
could quell, but only stirred up the more the eager courage of his soul, filling 
him widi desire to be the first to burst tlie fast base of nature’s portals. ... 
On he passed far beyond the flaming walls of the world and traversed in miu H 
and spirit the immeasurable universe^ whence he returns a conqueror to tell 
us what can, what cannot come into being, in short on what principle each 
thing has its powers defined, its deep-set boundary marked. Therefore religion 
is put under foot and trampled upon in its turn. Us his victory brings level 
with heaven. This is what I fear herein, lest haply you should fancy that you 
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we entering on unholy grounds of reason and treading the path of sin, whereas 
on the arntrary heinous religion has given birth to sinful and unholy deeds, 

, , , You yourself stuue time or other overcome by tlie tcrror«sccking tales 
of the seers will seek to fall away from us. Ay, radeed, for how many dreams 
miy they new imagine for you, sufficient to upset tlie calculiitions of lifo and 
trouble all foruines with tear. And with good cause, for if men saw that tlicrc 
was a fixed limit to their woes, they would be able in some way to witlisiand 
the religious scruples and direatenings of the seers. . . . This terror then md 
darkness of mind must be dispelled not by the rays of the sun and glittering 
shafts of day, but by die aspect and the law of nature, whose first principle we 
shall begin by thus stating, nothin^i h mr gotten out of nothing by dmne power. 
Fear in sooth takes such a hold of all mortals, because ffiey see many operations 
go on in earth and licaven, the ctmiics of wliich they can in no way understand, 
believing tiiem therefore to be done by divine power. For tlwse reasons when 
wc shall have seen tliat nothing can be produced from iiotlung, we slmli then 
more correctly aiicertain that wliich we are pursuing, both the elements out 
of which everything can lie produced and the manner in which all things are 
done without the hand of the gods. 

The vaciium pump destroyed this terror and darkness of mind. It estab¬ 
lished a new rctilm of matter, and removed tlie air we breathe from the domain 
of “spirits." Lest we be accused of emphasizing the “material" benefits of 
Kcienlilic progress unduly, we may recall the fact that witdi-burning died out 
in England during the three ileciHlcs which followed the revival of matcriali.sm. 
In Scotland, where belief in the authority of the seers was more firmly 
rooted, the amiable practice persisted longer. As late as I6fi4 one travtiia 
records the speetiide of nine old women dying at the stake on the same day 
in Leith for dispensing berbs—conirary to Scripture. When at length contet 
information alxiut the way in wbieli chemical changes can be brought about 
had become more geueiilly available, the emotion and torture* of people 
supposed to be cipable of suspending the laws of nature came to an end. 

* The fallowing citittion from R. D. Melvilk in the Scottish Htstorkc;^ Hmmt 
vul, % (IWiti), tells oi‘ tlic ingeniouji tanirees of cnteitainmcnt of wWch we have been 
ffibbed by the deriine of Calvinboi. , . . .s. 

"The oMbartty of the tortures wreaked upon persons,., saipected of witchcrait 
or sorcery is suIJicicntly iriMsinccd by tlie wdbknown case of ... Dr. Eiim, alias 
Cuuningluim.sdiwiliwister at Saltpans, in . .. In the first place, hh head or 

neck Wits hlitawn’ or twisted with n rope! he was then ‘put to the most Severe tmo 
Crudl paiue in the world called tlic biioies’; sht'rfly uiicrwurils the nails of all his 
, lingers were torn out with pincers, two needles having prcvioiwly been thnwt under 
! every anil 'over even up w ilte heads'! ibis proving uiuivailing to extort a confession, 
he was again subjeaed to tlw boot,'wherein he did continue a long time, and did 
abide so many blows i« them that his lep^cs were cnisht and Ireatcn together a« small 
as aiigbt bet! and the tMincs and (he tlcsh so brused that the blood and iiiMTow 
fipemted forth in great Mlniiidimtf, whereby they were made umerviceable for ever, 
ifut contiriuei tk rcjmrt 'all ilicst grievous paines and cruel torments' laikd to 
estort a confeirien, ‘so deeply had the Devil entered into his heart.’ Tliercaftcr, 


Fiiiij Will condemned to die in the se rial rtifttmer pnividcd by tire law of the land 
'on ihathelialfe'i and he wai flccotdrngly conveyed in a can to the Cnstle Htu of 
Bdtaburgh, and having first ken strangled at n stake, his body was throra into a 
fire, ‘fcidy provided, tnd there burned ,.. on aSaterdak m the cm of iMaarje 
tat put, ififl.’ The mnitive then iiuaitrtly but signiliantly proceeds to 
‘The rcit of the witches which ttfe not yet executed, remyne oi prison fill otther 
trkll aad.taowkdge of his Mifatie’i pkftsurc.* “ 
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In Scotland the last cases occurred about 1727 . Lecky tells us that nine years 
later the ministers of the associated presbytery met to record with grief their 
inability to stem the tide of modern doubt before turning their attention to 
new apedients for satisfying the deeper needs of mankind. 

In 1643 , Sir Thomas Browne, who was more enlightened than most of 
his contemporaries, wrote of witches: “they that doubt of these . . , are 
obliquely and upon consequence a sort not of Infidels but Atheists... the 
Devil hath them already in a Heresie as Capital as Witchcraft.” His views 
on Lucretius were appropriate. “I do not much recommend the reading or 
studying of it, there being divers Impieties in it, and ’tis no credit to be 
punctually versed in it.” Nevertheless the new naturalistic temper which 
Browne did much to sponsor was gaining ascendancy over what Browne 
himself called “the mortallest enemy unto knowledge and that which has 
done the greatest execution upon truth.” The testimony of the surgeon was 
becoming as influential as the counsels of the Church. Needham relates a 
significant episode; 

On May 16, UU, Sir William Pdham wrote to Lord Conway as follows: 
“The greatest news from the country is of a huge pack of witches which are 
lately discovered in Lancashire, wherof it is said 19 are condemned and at 
least 60 already discovered} there are divers of them of good abilify, and they 
have done much harm. Tis suspected that they had a hand in raising the great 
storm wherein his Majesty was in so great dimger at sea in Scotland. The 
women examined by Harvey and his colleagues were the survivors of a batch 
of seven, three of whom had died in prison, and they had already been examined 
by Bishop Bridgeman of Chester, who had made a hair-raising report on their 
spiritual condition. In due course Mi. Alexander Baker ^d Mi. ^ William 
aowes, both Surgeons to the King, Dr. William Harvey, his physician, with 
six other medical men and ten midwives co-opted by ffiem, proceeded to the 
Slidp Tavern at Greenwich, where the prisoners lay, in order to m^e their 
examination. On the report which was subsequently made Haryey s signature 
docs not appear, but instead of it tliat of Alexander Reid, m,d., the Anatomy 
Lecturer at Surgeons’ Hall. The upshot of the affair was that no physical sign 
of diabolical intercourse could be found on the bodies of any nf the women, 
no abnormal teats, cutaneous discolorations, or satanic brandmgs. And me 
report was sent in to that effect, stating that the examination had been under 
the direction and in the presence of Dr. William Harvey, 

A second tenet of the Greek materialists was that matter is not continuous, 
Before there were good thermometers little was known about foe expansion 
of solids or liquids. Compressibility was especially the chMacteristic of 
in the airy state. The recognition that air is material had toTake account of 
this fact. The Greek materialists drew the bold conclusion that matto must | 
be made up of weighty particles separated by ^ I 

rules of CTs (OTpression, naturally welcomed the revival of the atomistic : 
doctrme A centmy later it furnished fixed proporuons m | 

wUch eiement! combine to form new compomi. Se^* m ScZ ' 
now set for a great theoretical development of chemisby. This did^not come | 
till a much later date. Like those who now tell us that economics m one | 
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subject psychology is anothetj the professional chemists of the day were 
still Mowing the trail of self-evident principles. 

ELASTICITY, COHESION, AND ADHESION 
How the existence of pulling power exerted by the particles of which 
matter is supposed to be made up may aifect the behaviour of matter in bulk 
is illustrated by the phenomenon of elasticity or the resistance of solids to 



Fig. 240.—Adhesion and Cohesion 


The cohesive power of water is less than its adhesive power to glass. Hence water (a) 
clings to glass and wets it, (J) exhibits a concave meniscus, and (c) creeps up ifine 
tube. The cohesive power of mercury is greater than its adhesive power for glass. 
Hence mercury (a) does not cling to glass or wet it, (6) exhibits a convex meniscus 
and (c) sinks below the gross equilibrium level in a fine glass tube. The height of 
a convex meniscus is easier to read than that of a column which wets glass. Hence 
mercury is better for thermometers or barometers. (It is also better for thermometers 
because it expands replarly over a wide range, and has a high boiling point. It is also 
better for barometers because it is very dense and has a very low vapour pressure— 
see p, 666.) 

change of shape. A large quantity of a liquid exhibits no analogous phe¬ 
nomenon. It takes the shape of the vessel in which it lies, and presents a flat 
level surface where it is free to move except in so far as the pull of terrestrial 
gravity holds it in position. When the behaviour of liquids in fine drops, 
thin films, and very narrow tubes is examined new cliaracteristics manifest 
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themselves. They were first studied in the same social context as the air 
pump and the water-wheel by an English clergyman, Stephen Hales, who 
published an account of experiments on the ascent of sap in 1727. 



One of these characteristics, called cohesion, is seen when a soap film is 
stretched, or drops of oil are allowed to trickle on to a large surface of water. 
The other, called adhesion, is mtn when a film of water clings to the finger 
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after it is withdrawn from water in which it was previously immersed. 
According to the Newtonian view of matter, cohesion is interpreted as the 
result of the pull which particles of the same substance exert on one another. 
The result of this is that whereas aU the particles in the centre of a liquid 
are pulled equally in all directions, the particles at the surface can only 
pull on one another and those below them, and behave like a stretched sheath. 
Hence the surface particles are only in equilibrium when they are aU arranged 
symmetrically around the central bulk. If this is small, so that the total 
pulling power of ^avity on the buHi: of the fluid is also small, the liquid 
assumes the spherical form of a drop. Adhesion, on the other hand, repre¬ 
sents the pulling power of particles of one substance on those of anoiier. 
When this is large compared with the force of gravity, as when the bulk of 
the water has trickled off the finger, it may be sufficient to resist further 
separation beyond a certain point. A film of fluid therefore clings to the 
surface with which it is in contact and “wets” it. Some fluids exhibit very 
little adhesion for particular surfaces, and do not “wet” them. 

In general, the behaviour of a liquid at its surface of contact with a solid 
is determined by the interplay of both these characteristics. If the fluid does 
not wet the solid, i.e. if the power of adhesion is relatively insignificant as 
compared with cohesion, the surface of the liquid tends to assume the 
spherical shape so that the edge of the liquid in contact with the solid is 
depressed (Fig. 240), and the meniscus or air-liquid surface is convex 
upwards. If the fluid does wet the solid the edge of the fluid in contact with 
it is drawn upwards, and the meniscus is concave upwards. The result is 
that in tubes of very fine bore the rule that liquids find their own level is no 
longer true. If the liquid (e.g. mercury) does not wet a glass tube, its surface 
is depressed appreciably below the gravity level. If (e.g. water) it does wet 
the glass, it rises appreciably above it. In exceedingly fine tubes, like the 
minute vessels in the wood of plants, or the narrow spaces between particles 
of soil, water may rise to a very considerable height on this account. 
Capillarity, as the ascent of fluids in very fine tubes is called, can be illustcated 
by substituting a piece of dead bamboo for the wick of a paraffin lamp. The 
paraffin creeps up the bores, and the bamboo acts as an efficient wick. In an 
ordinary oil-lamp or candle the wick itself acts in the same way. The oil or 
molten wax creeps up to the flame through the fine spaces between the 
threads. 

THINGS TO MEMORIZE 

1 . The initial downward acceleration of a body of density D in a fluid of 



2. Boyle’s Lm.pv » k, or, where d is the density i) = lid and d = K'p. 
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EXAMPLES ON CHAPTER VII 

1. In the following table the sign - indicates that the substance sinks, 
-|- indicates that it floats and 0 that it does not decidedly do either. Find the 


approximate density of each of the solids. 





Liquid 

Density 
(gm. 
per c.c.) 

Larnh* 

wood 

Butter 

Beeswax 

Resin 

Glue 

Celluloid 

Gasolene .. 

0-69 

+ 






Ether.. 

0-74 

+ 

— 

— 

— 

- 

__ 

Ethyl alcohol 

0-79 

+ 

— 


— 

- 


Wood spirit.. 

0-81 

+ 

_ 

' — 

— 

— 

— 

Turpentine .. 

0-87 

-b 

0 

— 

_ 

_ 

— 

Olive oil 

0-92 

+ 

+ 


— 

— 

— 

Castor oil .. 

0'97 

+ 

■h 

0 

— 

— 

_ 

Water .. .. 

1-00 

+ 

+ 

+ 

— 

— 

— 

Creosote 

MO 

+ 


+ 

0 

— 


Glycerine .. 

b26 

+ 


-b 

+ 

0 


CUoroform .. 

1-48 

+ 

+ 

+ 


+ 

+ 


2. Taking the density of mercury as 13'6 gm. per c.c., iron 7-8, gold 19-3, 
lead 11'36, silver 10'6, aluminium 2-7, and magnesium 1-74, calculate the 
acceleration with which each of these metals will begin to rise or fall under 
gravity when placed in (a) mercury, (h) chloroform, (c) water, (d) gasolene. 

3. If the density of sea water is 1 • 025 gm. per c.c., what will be the pressure 
in kg. per sq. cm. at a depth of 1 km. below the surface of the sea, neglecting 
atmospheric pressure? 

4. A U-tube of uniform bore of diameter 1 cm. is about half filled with water. 
If the density of oU is 0-86 gm. per c.c., how many c.c. of oil must be poured 
into one limb to make the level of the water rise 8 cm. in the other? 

5. At what angle to the vertical must a glass tube open at the top and con¬ 
taining water be gradually tilted until the pressure at the foot of it due to the 
water is diminished by half? 

6. What is the ratio of the pressure on the upper half of one side of a cistern 

full of water to the pressure on its lower half? 

7. 'The lock gate of a canal is 14 feet wide and 9 feet deep. How great is die 
pressure in tons weight on one side of it, if the water is level with die top and 

the density of water is 62*4 lb, per cub. ft.? 

8. In a hydraulic pre?s the cross-secdonal areas of the small and large 

plungers are respectively 1 sq. in. and 100 sq. in. If the mechanical advantage 
of the lever handle is 5, what is the upward force of the ram when the lever 
handle exerts a force of 1 cwt.? .,,00 

9. If the densities of glycerine, water, and ethyl alcohoh are respectively 1 • 26, 

1*0,0'79 gm, per c.c., find the initial acceleration of a piece of iron of density 
7 ' 86 gm.pcrc.c.fallmgineach. ' ; , . 

10. The diameter of a small plunger m a hydraulic press is 1 inch and that 
of the large plunger 1 foot, What is the upward force exerted by the ram 
when a downward force of 66 lb. is applied to the smaller plunger? If ffie smaller 
piston moves through H inches in one stroke, find how far the ram has moved 

^ U.^FS°tbe*height of a barometer in which oil is used of density 0 • 845 gm, 
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per C.C.J laiowing tliat the height of a mercury barometer is 752 mm, and the 
density of mercury is 13 • 6 gm. per c.c. 

12. A closed vertical tube has its open end inserted in a bowl of water. It is 
noticed that the surface of the water is 10 feet below tlie closed end of the 
tube, Knowing that the height of the water barometer is 33 feet, what is the 
pressure in the enclosed space due to the column of water? 

13. Observation shows that the barometer falls an inch for every 900 feet 
above sea-level. A man takes a pocket aneroid barometer, which is used to 
determine the heights of mountains, up a mountain, ascending in 3 hours and 
descending in 4 hours. The barometer registers 29-0 inches at the foot, 26-8 
inches at the top, and 28-7 inches at the foot of the mountain after descending. 
Estimate the height of the mountain. 

14. What is the atmospheric pressure in lb. weight on a circular disc 
3 inches in diameter? 

15. A man blowing into one limb of a U-tube half filled with mercury causes 
a difference of level of 4 cm. in the two limbs. What pressure does he exert in 
dynes per sq, cm.? 

16. What is tlie volume of a quantity of gas at standard pressure, i.e. 76 cm., 
if, when the barometer reads 72 cm., the volume of the gas is 159 c.c.? Find the 
pressure at which it would have a volume of 200 c.c. 

17. A cylinder 12 inches long has a piston halfway down so that there are 
equal quantities of air on each side of it. Find the ratio of the pressures on the 
two sides if the piston is pushed down so that it is only 1 inch from one end. 

18. A closed mbe 160 cm. long is half filled with mercury, and its open end 
inserted in a bath of mercury, making sure no air escapes from the tube. If the 
barometer reads 76 cm., what is the length of the mercury column in the 

tube? . jr , 

19. A depression of the mercury column in a barometer is caused by a httle 
air in the space at the top of the column, so that the barometer reads 28 inches 
instead of 29 inches, and 29 inches instead of 30*2 inches. Determine the 
correct value of the atmospheric pressure when the erroneous reading is 
29'4 inches. 

20. A thin tube of soft glass is taken and a thread of mercury 8 cm. long is 
drawn into it. One end of the tube is sealed off in a bunsen flame entrapping 
a quantity of air between the mercury and the end. When the tube is suspended 
with its closed end down, the length of the air column is 16 • 1 cm., but when 
it is suspended with its closed end up, the length of the column of air is 20 ■ 0 cm. 
What is the pressure of the atmosphere? 

21. If the mercury barometer reads 46 inches inside a cylindrical diving 
bell 8 feet high, of which the top is submerged 12 feet below the surface of the 
water, how high has the water risen in the bell? 

22. If a litre (1,000 c.c.) of dry air at 76 cm. is found to weigh 1 - 3 gm., how 
much space does 2 gm.iof diy air occupy at the same temperature when the 
pressure is 70 cm.? 

23. A closed cylinder of sectional area 10 sq. cm. stands 26 cm. above the 
level of water in a wide dish. The level of water in the cylinder is 20 cm. above 
the level of water in the dish. Find (a) the pressure of the air in the cylinder in 
terms of the mercury barometer, taking the specific gravity of mercury as 13i 
(b) how high the cylinder will stand above the level of water in the dish, if it 
is depressed till the level of fluid inside and outside is the same. 

24. A rubber balloon weighs 0 • 6 gm. With what acceleration will it begin to 
fall if it is blown up till its cubic capacity is (a) 760 c.c., (b)l litre, (c) 2 ■ 6 litres? 
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Assume the pressure inside the balloon to be 4 atmospheres in each case, and 
that the density of air is 0*0013 gm. per c.c. 

25. When a U-tube hydrometer as shown in Fig. 239 is inverted with one 
limb in mercury and the other in water, the fluids rise respectively to 0*75 cm. 
and 9*76 cm. when some air is sucked out. A little air is readmitted, and the 
mercury drops to 0 * 4 cm. What is the water level? 

26. One limb of the same apparatus dips in mercury, the other in turpentine. 
The level of the turpentine is 8*9 cm. and that of the mercury is 0*6 an. Use 
the data of the last example to find the height of the water column if one limb 
dipped in water and the level of turpentine in the other was 10 cm. 

27. The glass tube of a mercury barometer of sectional area 0*75 sq. in. 
stands 38 inches above the level of mercury in a large deep dish. The level of 
fluid in the latter does not vary appreciably when all the fluid in the tube is 
removed. If the atmospheric pressure is 30 inches, how much will the mercury 
be depressed by introducing a bubble of air {a) 0*001, (6) 0*01, (c) 0 * 1 cub. in.? 

28. If at a certain temperature 1 gm. of air occupies 1 litre, at 76 cm. pressure 
on the mercury barometer, we can put instead o{pv = k 

76 X 1,000 = k 


At that temperature k has the value 76,000 when the unit of pressure is 1 cm. 
of mercury and the unit of volume is 1 c.c. Similarly calculate for the same 
temperature the numerical value of k (a) when the unit of volume is the litre 
and the unit of pressure the "atmo,” i.e. the pressure exerted by a column of 
mercury 76 cm. in length; (b) when the unit of volume is the cubic centimetre 
and the unit of pressure is 1 dyne per sq. cm. (Density of mercury = 13 - 6 gm. 
per C.C., andg =: 981 cm. per second per second.) 

29, At 0° C. 1 gm. of hydrogen was found to occupy 11*2 litres at 760 mm. 
on the mercury barometer. At the same temperature 1 gm. of oxygen occupied 
0*710 litres when the pressure was 760 mm., and 1 gm. of mirogen occupied 
0*789 litres at 770 mm. Give the density b gm. per c.c. of the three gases, and 
express to the nearest whole number the relative densities of oxygen and nitrogen 
takmg hydrogen (RD = 1) as standard. 

30. The density of hydrogen at 0° C. and 760 mm. pressure is 0*00009 gm. 
per C.C. The relative densities of ammonia, carbon dioxide, and sulphur dioxide, 
are respectively 8 ■ 6, 22 , and 32, Fbd how much space at 0 C. 1 gm.of ammonia 
would occupy at 760 mm., 1 gm. of carbon dioxide at 740 nun. and 1 gm. of 


sulphur dioxide at 770 mm. , n o** if * 

31. The density of petrol is about 0*7 gm. per c.c, and of cork 0*«o. If air 
at 0“ C. and 760 mm. pressure is 14i times and sulphur trioxide is 40 times 
as dense as hydrogen, compare the bitial acceleration under gravity of a drop 
of mercury, a rab drop, a drop of petrol, and a piece of cork, fallbg b each of 
these three gases at a place where g b vacuo is 32 ft. sec,* Use any relevant 


ita m the foregoing examples. . j „ 

32. At a place where the value of g is 32 ft. sec.*-, compare the period o 
album pendulum which beats seconds b vacuo, if made to swmg m an 


resistance. 






CHAPTER VIII 

THE REBIRTH OF MATERIALISM 
The ExJmmtion of the Neolithic Economy 

PiiARMAOTiTiQL establishments are sometimes called chemist’s shops. Until 
the Industrial Revolution what chemistry was taught in the official scats of 
learning was a branch of medicine. According to a statement of Voltaire in 
the Dktmmmn Phikophuiue, the Parliament of Paris in 1024 passed a law 
which compelled the chemists of the Sorboimc to conform to the teaching 
of Aristotle on pain of deutli and confiscation of goods. The great intellectual 
progress which occurred in the nascent Protestant democracies during the 
ensuing half century is illustrated by the words of Joseph Glanvill, who is 
notable for his tract on witch-burning. In his book Modern lmpr(nmnents of 
Useful Knotokd^^e published in 1075, Glanvill wrote: 

Among the Egyptians ami Arabians, the Paracdsians and some other modems 
ehynhstry was very plmntastic, unintelligible and elusive. ... But its later 
culdvators, and particuhirly the Royal Society, have refined it from its dross and 
made it honest and sober, and intdiigiblc, an excellent interpreter to philosophy 
and help to common life. For they latve laid aside the delusory designs and vain 
transmutations, the Rosicrucian vapours, magical charms and pperstidons, 
and formed it into an instrument to know the depths and efficacies of nature. 
And dtis is no small advantage that we have above the old pWlosophera of the 
Hotiml way. 

The Notioml way was the phrase which Sprat (p, 662) and the founders 
of the Royal Society referred to the Aristotelian attempt to found a science 
on 8#evidetJt principles. Events proved that chemists, like the economists 
of our own time, were reluctant to abandon it. In this chapter we shall 
see how new social needs which accompanied the industrial expansion of 
the seventeenth and eighteenth centuries refined chemistry from the dross 
of Aristotelian philosophy and the Rosicrudan vapours to which Joseph 
Glaiivill alludes. 

Mercury combines with the yellow gas chlorine to form two different 
sabstances. One is the highly poisonous corrosive sublimate (mercuric 
chloride), now uied as an antkpric for washing wounds. The other, which 
amttins twice the ratio of mercury to chlorine by weight, is the purgative 
miotnd (mereuwus chloride). In an old chemical work, written before the 
recognition chat air has weight, the formatioa of the calomel by grading 
crystals of arrosive sublimate with the liquid metal itself was described by 
the statemenr, “the fierce serpent is tamed, and the dragon so reduad to 
iubjection as to oblige him to devour his own tall.” The words will not 
appear to be pure rhetoric, if we recall the expedients employed to make the 
supposedly impcmdcrable spirits piss out of the air into the ingredients of 
the retort. Andcnt numter magic had issodaicd ffie seven best-known 
metals wth the seven bodies classified la planets in the pre-Copermcan 
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astronomy: the Sun with gold, the Moon with, silver, Mercury with mercury, 
Venus with copper, Mars with iron, Jupiter with tin, and Saturn with leal 
Success in conjuring tlie spirits which presided over chemical processes in 
which these metals formed compounds, or were extracted from their com¬ 
pounds, was not to be expected unless the experiment was earned out when 
the appropriate celestial body was maldng its transit above the meridian. 
The various conjunctions of the several planets offered specially propitious 
circumstances for carrying out reactions in which different metals participated. 
Only three centuries have passed since these beliefs were widely accepted. 



Fig 242.—An Old SVMiiOL Represrntinq the Dissolution of Gold 
IN Aqua Regia 

We are apt to dismiss tlicm as magic, and to forget that the distinction 
between die world of matter and the world of spirit was a very tangible one 
when theology upheld witch-burning. In the sixteentii century its professors 
had not conveniently fixed the boundary where the realm of possible proof 
and disproof ends. Medieval Europe accepted the authority of Aristotle 
and of the Apostle Paul. According to the Pauline view stated in the First 
Epistle to the Corinthians (1 Cor. xv. 40-62), anyttog which did not obey 
ihe Aristotelian law of gravitation was ipso facto spirit. The resurrected body 
was not invisible. It was merely imponderable, as the vapours of the aliffiem- 
ical retort were then supposed to be. A literal belief in the resurrection offered 
no difficulties m an age when the basic processes of medicine and metaUurgy 

were believed to be modelled on the same plan. 

The discovery that air has weight, and that ah is, m short, a form 01 
ponderable matter, carried with it the recognition that there is a third state 
of matter in contradistinction to the liquid and the solid state. Smee there 
are many different sorts of matter called solids or liquids, it was natural to 
suppose that other substances may share with ah the characteristics which 
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distinguish air from matter in the liquid or the solid state. A new word 
gm now replaced “spirits,” derived from an equivalent Teutonic word which 
did not carry into international usage the mystical content of its original 
meaning. It was first used by van Helmont in 1648, about the time when 
Torricelli’s experiments gave new and conclusive evidence for the weight 
of the air. During the century and a half which elapsed between the death 
of van Helmont and the beginning of tlie nineteenth century the arts of 
manufacture received a new impetus from discoveries which made it possible 
to distinpish difierent forms of air, or, as we now say, diflerent gases. 
These discoveries led to new rules about how substances combine or can 
be broken down to form new ones. What we call modern chemistry', in contra** 
distinction to the chemistry of antiquity or the Middle Ages, is the theory 
of manufacture based on the knowledge that different gaseous elements enter 
into tlic composition of different objects of use. 

The recognition of the gaseous elements bears a very dose relation to the 
growth of mining and its problems in the sixteenth century. Agricola’s De 
ReMeUMm (1666) gives us a comprehensive picture of the class of technical 
problems which stimulated research into the physical properties of air. 
I'lie story it tells is very different from the description of mining given by 
classical historians like Diodorus Siculus, The miner is no longer a slave in 
a chain gang working under the overseer’s lash. “A miner, since we think 
he ought to be a good and serious man,” writes Agricola, “should not make 
use of an enchanted twig, because if he is prudent and skilled in the nature 
of signs, he understands that a forked stick is of no use to him.” The sixth 
book of Agricola’s treatise, dealing especially with the problems of pumping 
and ventilation (Fig. 24;{), ends with a section on “the ailments and accidents 
of miners, and the methods by which they can guard against these.” It is 
not an exaggeration to say that these represent the two prindpal themes 
which underlie the recognition of the individuality of gases. 

With the growth of decp*shaft mining for metals and the introduction of 
coal as luel in the latter part of the sixteenth century two new problems had 
emerged in the everyday life of mankind. One was: What makes air foul to 
breathe or capable of sustaining life? The other was: What makes air inflam¬ 
mable and explosive like gunpowder, orincapable of supporting combustion? 
The phenomenon of combustion itself took on a new complexion through 
the introduction of gunpowder and the use of coal for fuel Previous sources 
of fuel had been exclusively animal (e.g, tallow) or vegetable (wood and 
charcoal). That a seemingly mineral substance of “earthy” origin should 
produce lire was contrary to the prevailing belief that all substances were 
built up by combinations of earth, air, fire, and water, or of sulphur, salt, 
and mercury. The introduction of steam power, beginning with such inven¬ 
tions as the Marquis of Worastcr’s patent at the end of tiie seventeenth 
century, made the nature of combustion a topic of increasing interest Mc^- 
while, tiic rapid industrial development which accompamed the successive 
ffltroducdon of water power and steam power was leading to the gradual 
exhaustion of the sources from which the crude chemicals employed by the 
traditioiial methods of the doth, mining, glass, and soap-making industries 
wera derived. 
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One impomm facet of the social background of the growth of chemical 
science in the seventeenth century is that warfare was making an inacasing 
demand on gunpowder, and the success of the rising Protestant democracies 
depended on aploiting the new technique of self-defence and imperialist 
expansion. Of the three most usual constituents of “gunpowder^-charcoal, 
sulphur, and saltpetre, i.c.mffatc8-the supply of the first from wood and the 
second from volcanic sources, offered comparatively little difficulty. The 
detection of sources of natural niirates involved more analytical sophistication, 
Concerning the discovery of gunpowder, various dates arc cited. The truth 
is that no precise date can be given. The various recipes which are called by 
that name emerged gradually f^rora the practice of incendiary warfare before 
the means of purifying the constituents as yet existed. The use of burning 
pitch and oil, camphor and resins, to discomfit a besieging force is of great 
antiquity, and tlie certainty that explosive mixtures were known to the 
Qinesc and in India before ilic use of artillery in Europe hdps us to under¬ 
stand how the knowledge grew by easy stages. In these countries naturd 
deposits of nitrates are formed where there arc manure heaps. The accidental 
recognition that pitch omtaminated with this natural “salt” would burn 
more vigorously cannot have been a spcciaUy remarkable discovery. 

The natural salt was first known as “Chinese Snow,” later as saltpetre. 
Crackers and rockets made of bamboo packeii with saltpetre and combus¬ 
tible material were used as incendiary devices before the construction of a 
metal cannon to pro{)cl a dart or ball was accomplished m the thirteenth 
century. The earliest recipes of explosive or incendiary mixtures include, 
in addition to saltpetre, re-in and brimstone (sulphur), sulphur and charcoal, 
or sulphur, charcoal and camphor as the combustible constituents. Once 
the metal case was introduced, the destructive possibilities of gunpowder 
became a dominant feature of military technique, and a new industry which 
promoted the search for materials of dependable purity came into bemg. 
Marshall (Explomh V«l. I) tils us that: 

Ill the fourteenth century gunpowder was only used on a small scale, and 
was made in ordinary houses with pestle and mortar. We hear, for instracc, 
rliat die Rathaus at IJbcck was destroyed by fire in 1360 through the cardcss- 
ness of powder makers. Bcrthdoi has stated that there were powder nulls at 
Augsburg in 1340, at Spandau in UIW, and Liegniain 1348, but Fcldhaus 
could find no confirmation of these statements in the archives of these tovms. 
There is no mention of gunpowder or fite-wras in Augsburg before 1372 to 
iS7:i and the first powder mill was erected at Spandau in 1678. The scale of 
ooerations giiduaily increased, and in Hfll we find the first mennon of a 
‘4owder-house“ to the Tower of London; powder waa made there for rawy 
vLrs as also in fmhm Caitk. In the sixteenth century miUs of considerable 
L were to cslstcnce; the Liebfrauenkirche to liegma suffered at this tme 
from the effects of explosions to a mill near by. In 1564 to 1666 a gunpowder 
ffliU Is said to hive few erected at Rotherhitlie, and about 1661 George Evdyn, 
S ^dfatlier of John Evelyn, the diarist, had mills at I^ng^Ditton bM 
(Mrnm, having learned the meffiods of manufaaure m Flanders. A few 
y«w Itttr he obtained from Qu«a Elizabeth a monopoly of the manuMuw 
of gunpowder, which be and his sons were able to maintain more or 
MB0 whm Samuel Cordewdl obtained the monopoly, which was abollawa 
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by Parliament to 1641, the year before the outbreak of the Civil War. George 
Evelyn made a fortune out of gunpowder. 

Among the first papers communicated to the English Royal Society we 
find an account of the “History of the Making of Salt-Peter,” to which the 
author, Mr. Hensliaw, declares: “... the only place therefore where salt¬ 
peter is to be found to these northern countries is in stables, pigeon houses. 

. . Hernhaw gave a recipe for making “salt-peter” ftom the natural 
nitrate content of fertile earffi. About 1650 the German chemist Glauber 
showed that saltpetre can replace manure as a means of restoring the fertility 
of exliausted soils. He called his book The Prosperity of Germany, The dis¬ 
covery of new sources of materials had now become a necessary prerequisite 
of prosperity. How Glauber’s discovery that saltpetre can be used as a substi¬ 
tute for manure arose from the social practice of his times is illustrated well 
enough by the following passage from Marshall’s treatise on the history of 
Explosives \ 

In Europe there are very few localities where nitrate can accumulate to the 
soil to such an extent that a profit could be made by extracting it. There is no 
prolonged dry season during which deposits can form without being washed 
away again. Consequently saltpetre could only accumulate to sheltered places, 
such as cellars and stables, especially those to which there was much nitro¬ 
genous matter undergoing decomposition. As it was of the utmost importance 
in every country to have a sufficient supply of saltpetre, especially to time of 
war, its production formed the subject of royal decrees and orders at an early 
date. In France, officers (salpfitriers commission's) were appointed to 1640 to 
searcli for and extract saltpetre, and no doubt the industry was to existence 
some time before. This edict was confirmed and renewed to 1672, and again 
whenever France was waging a serious war. The saltpetre workers operated on 
the earth of stables, sheep-pens, cattle-sheds, cellars and pigeon-houses, and 
on tlie plaster and rubbish removed when houses were pulled down. They 
had tlie right to gather material everywhere, with scrapers and brushes to 
the houses, witli picks and shovels to places not inhabited.’ No building or 
wall could be pulled down until notice had been given to the saltpetre workers, 
who stated which parts they wanted reserved. ... In the reign of Louis XIII 
(1610 to 1643) the annual crop of saltpetre amounted to 3,600,000 lb„ but it 
gradually diminished to the eighteenth century largely on acrount of the strong 
objection tlie people naturally had to the presence of saltpetre workers to their 
houses and domains. . . . Until the sixteenth century saltpetre seems mostiy 
to have been imported into England, much of it coming from Spain, but to 
1616 Hans Wolf, a foreigner, was appointed to be one of the King’s gunpowder 
makers to the Tower of London and elsewhere. He was to go from store to 
shire to find a place where there is stuff to malte saltpetre of, and “where he 
and his labourers shall labour, dig or break in any ground.” He is to malte 
compensation to its owners. And in 1631 Thomas ^ Lee, one of the King s 
gunners, was appointed principal searcher and maker of gunpowder... 
gunpowder was only manufactured to England on a small scale until the second 
half of the sixteenth century when George Evelyn started mills on a compara¬ 
tively large scale. Consequently there was little difficulty before that time m 
obtaining sufficient saltpetre, but then it became necessary to grant the 
saltpetre men special privileges for digging up the floors of stables, dovecots 
and even private dwellings, and tlie kingdom was diiddcd into a number of 
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areas in which the collection and working of the saltpetre was assigned to various 
people. In 1661 Quean Elizabeth granted Gerard Honrick, a Dutchman, ,^600 
(or £300) for teaching two of her subjects how to make sitpetre. In 1688 she 
granted a monopoly for gathering and working saltpetre to George Evelyn, 
Richard Hills, and John Evelyn. The monopoly extended over the whole of 
the south of England and the Midlands, except the City of London and two 
miles outside it. In 1596 Robert Evelyn acquired the rights in London and 
Westminster from the licensees there. As a rule, however, the Evelyns did 
not work saltpetre themselves, but bought it from the saltpetre men. In the 
reign of Charles I there was considerable friction between the saltpetre men 
and the public, but it was probably due more to the weakness of Ae Crown 
than to any real difBculty in obtaining in England the quantity of saltpetre 
required, viz, 240 lasts per annum. There was also competition between the 
salQsetre men and tlie soap-boilers for wood ashes, which were then practically 
the only source of potash and were required for the conversion of sodium 
mtrate into the potassium compound. ... The East India Company, then in 
its infancy, imported Indian saltpetre into England as early as 1626, and set up 
a powder mill in Windsor Forest, which, however, was stopped on the ground 
that it interfered with the King’s deer. Next year the Company received a 
license to erect mills in Surrey, Kent, and Sussex. At this time its importations 
were on a small scale, but when its charter was renewed in 1693 it was stipu¬ 
lated that 600 tons of saltpetre should be supplied every year to the Ordnance. 
Ever since then, Indian s^tpetrehas been used very largely in England for the 
manufacture of gunpowder. 

The need for saltpetre affected chemical enquiry in two ways. It provided 
a direct incentive to studying the natural history of salts, and indirectly 
encouraged research into lie way in which the green plant gets its food. 
Glauber’s work, which showed that the saltpetre, i.e. mtrate content, of 
manure is mainly responsible for its effect on the fertility of the soil, stimu¬ 
lated parallel enquiries in England. Such experiments on soil fertility are 
among the first examples of chemical analysis, in which the weight of all 
the constituents of a reaction is tested. The same care in measuring the 
weight of substances taking part in a reaction is also shown in experiments 
suggested by the use of metallic alloys in making coins of the realm. An 
account of such experiments by Lord Broimcker is given in Sprat’s History 
of the Royal Society. Tk paper entitled “Experiments on the Weight of 
Bodies increased in the Fire, Made at the Tower,” gives examples of metals 
which gain weight when heated in air. 

ST?tafs History also mentions that the Royal Society had encouraged “the 
chymical examination of French and English wines.” The “Proposal for 
Making Wine put forward by Dr. Goddard, and included in Sprat’s 
coUection of communications made to the Society in the first few years of 
Its work, contains a passage worth quoting: 

It is recommended to the Care of some sldlful Planters in Barbadoes, to trv 
whether good Wine may not be made out of the Juice of Sugar-canes. That 
which^may mduce them to believe this Work to be possible, is this Observa¬ 
tion, that the ^ce of Wme, when it is dried, does always granulate into Sugar, 
as appears m Raisms, or dried Grapes: and also that in these Vessels wherein 
a cute, or unfermented Wine is put, the Sides are wont to be cover’d over with 
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a Crust of Sugar. Hence it may be gather’d, that there is so great a LOteness 
of the Liquor of the Cane, to that of the Vine, that it may probably be brought 
to serve for the some Uses. If tliis Attempt shall succeed, the Advantages of 
it will be very considerable. For the English being the chief Masters of the 
Sugar Trade, and tiiat falling veiy much in its Price of late Years, while all 
other outlandish Productions are risen in their Value; it would be a great 
Benefit to tliis Kingdom, as well as to our We.stern Plantations, if Part of our 
Sugar, which is now in a manner a meet Drug, might be turn’d into Wine, 
which is a foreign Commodity, and grows every Day dearer; especially seeing 
this might be done, by only bruising and pressing the Canes, which would 
be a far less Labour and Charge, than the Way by which Sugar is now made. 

The subsequent history of enquiries on these lines justified itself by tlie 
promotion of one of tlie earliest industries based on direct application of 
chemical knowledge. The beet-sugar industry was destined to play a most 
important part in the beginnings of what we now call “organic chemistry,” 
Cohen tells us that 

the presence of sugar in beetroot was observed in 1747 by the German chemist 
Marggraf who suggested the cultivation of beet as a source of sugar, but the 
early attempts to utilize it commercially proved unprofitable, The success 
of the industry dates from about the year 1830 when important improvements 
began to be introduced. Careful selection of seed and improved cultivation 
nearly doubled the quantity of sugar In tlie beet. The use of steam-heated 
vacuum pans gave a larger yield of crystallizable sugar and new mechanical 
appliances for saving labour lowered the cost of production. 

Another industry which played an important part in creating the demand 
for chemical knowledge was the manufacture of earthenware and china. In 
England it did so indirectly by stimulating the demand for coal, as well p 
by its immediate need for information about the nature of impurities in 
local clays and marls (btickeaiths), die art of colouring the finished product, 
and glazing. Dr. Plot, one of the earliest secretaries of the Royal Society 
and a Professor of Chemistry at Oxford, in his book The Natural History of 
Staffordshire (168(1) tells us “for making the several! sorts of pots they have 
as many different sorts of clay... the best being found near tlie coale.” Thus 
the juxtaposition of coal and boulder clay seams on the site of an industry 
which made heavy demands on fuel for baking, made the Potteries a focal 
centre of industrial development in the eighteenth century. Even in the 
seventeenth century it called for chemical sldO. The colours, says Piot, were 
obtained by using different varieties of “slip” clay8—“except the motley 
colour which is procured by blending lead with manganese, by the workmen 
called magnus.” In a book on the history of the same county, published in 
1798, Shaw tells us that in the eighteenth century the natural days of the 

neighbourhood were little used, because they were metalliferous: 

each having a portion of oxide of iron . . . the clays from Dorset or Devon 
have all their impurities extracted before they are vended to the purchasers 
. , . being extremely white when fired owing to being scarcely impregnated 
with oxide of iron, winch would make the ware yellow or red in proportion to 
the quantity of clay. 
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Wedgwood, the "Prince of Potters,” was in the forefront of the cultural 
renaissance in the latter half of the eighteenth century. As an industrial 
leader, he founded the first chamber of commerce in England. As an experi¬ 
menter, he was elected a Fellow of the Royal Society on his own merits. His 
attitude to the relations of industry and science comes out in a letter to 
Bentley (1767). 

I am going on with my experiments upon various earths . ;. many of my 
experiments turn out to my wishes and convince me more and more of the 
extensive capability of our manufactures for further improvement . . . such a 
revolution is at hand and you must assist in and profit by it. 

^ As with coal mining, the human problem of the Potteries had repercus¬ 
sions in tb.e domain of chemistry, At the end of the eighteenth century 
interest in occupational diseases (see Chapter XVI) had materialized in a 
lively public hedth agitation, of which one of the most notable figures was 
Dr. Percival, of Manchester. Percival and Dr. Gouldsdon, of Liverpool, 
vigorously exposed the dangers of lead poisoning in the glazing of Pottery 
products. Wedgwood was much embarrassed by their pamphlets. We find 
him writing to Bentley (about 1776), "I will try in earnest to make a glaze 
without lead, and if I succeed will certainly advertise it.” Leadless glazes, 
of which the ingredients were either lime, ^caline carbonates (“potashes”), 
or borates (imported from Tuscany), were introduced in the latter end of the 
eighteenth antury under the impact of the public feeling aroused. 

The new sense of social responsibility which emerged in the medical 
profession in the latter half of the eighteenth century also revived interest 
in the problem of ventilation wMch had arisen earlier in connection with 
deep-sh^t mining for coal and tin. Davy, who seems to have acquired his 
interest in theoretical chemistry from an early friendship with the younger 
son of James Watt, the engineer, obtained his first scientific employment in 
the “Medical Pneumatic Institution” at Clifton, Bristol. This was founded 
by Beddoes, who—partly on account of his strong Jacobin views—had left 
the chair in chemistry at Oxford to take up medical practice. Davy’s first 
important chemical researches were concerned with laughing gas (nitrous 
Oxide), and one of bis great inventions was the miner’s safety lam p, 

RESPIKATION 

Among the “information they have given to others to provoke them to 
enquire,” Sprat mentions that the founders of the Royal Society included 
m their programme “the fatal Effects of Damps on Miners and the Ways 
of recovering Aem.” The human aspect of ventilation in mines was not 
the only practical issue which provoked enquiry into respiration. In the 
same context as “Relations.. . of deep Mines and deep Welk** Sprat also 
mentions . ^ 

Rdations . . . of Divm md Diving, their Habit, their long holding of breath 
and of other notable Things observed by them. 

the social context of early coal mining the discovery that air is a form 
ot matter was highly propitious to a systematic attack on the subject-matter 
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of Agricola’s book dealing with “haaltli and accidents of miners.” The im¬ 
portance of this theme is borne out by the fact that “pneumatic” chemistry 
was a recognized major branch of the subject during the eighteenth century. 
Durmg the Middle Ages breathing had been a spiritual accomplishment. 
The identification of “spirits” with the gaseous state of matter is implied 
by the synonymous use of the Latin word anima for soul and breath. So, 



Fig. 24d:.~-TiiB Valves IN OT Veins 
On the left the figure shown by Fabrlcius, On the right diagrammatic view of 
tliree sets of valves. 


too, the Hebrew scriptures declare that man became a living spirit when 
the Deity breathed into his nostrils the breath of life. Such assertions offered 
no difficulties to the literate classes of Europe while they continued to share 
Aristotle’s contempt for slave labour. Modern doubt begins with the study 
of the common pump, 

Precise iifformation about what breathing really involves came through 
the recognition that the heart performs the part of a pump maintaining a 
continuous circulation of blood from the lungs to tlie tissues, and the tissues 
to the lungs. In the latter half of the sixteenth century Servetus had con¬ 
cluded that all the blood from tire right side of the heart is pumped through 
the minute vessels of the lungs and returns thence to die left. Owing to a 
difference in celestial arithmetic between himself and Calvin, who had lately 
established the kingdom of God in Geneva, Servetus was burned at the 
Stoke before he had time to complete his researches. Half a century elapsed 
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before the English physician Harvey convinced his conteimporaries that the 
blood from the left side of the heart is pumped through the minute vessels 


oftherestofthe body beforeitsreturntotherightsidej where itis dispatched 
to the lungs. As a result of Galileo’s experiments, the pump had become 
an object of scientific interest. Fabricius, under whom Harvey studied at 
Padua, had discovered that the veins have watchpocket valves which can 



Fig. 243.—Harvey’s Figure to Illustrate His Experiment 
(From Singer.) 


only let blood pass one way, as the valves of a common pump only let water 
pass one way (Fig. 244). Fabricius was a coUeague of Galileo. Harvey was 
a fellow-smdent with Torricelli. ' 


A conclusion which rests on so few and such simple experiments might 
nave been made by the physicians of antiquity, if an understanding of the 
TOy m which a pump-valve acts had been part of their social culture. With 
tne djscov^ of the continuous circulation of the blood a long familiar fact 
awut the body was endowed with new interest. The "venous” blood which 
returns to the right side of the heart from the tissues and passes thence to 
TO limgs IS ckk pu^le. The "arterial” blood which issues from the lungs, 
an^ pumped by the heart into the main arteries, is bright scarlet. The 

® very obvious change through coming into 

contact with the air taken into the lungs 

One of the first experiments which Boyle demonstrated to the Fellows of 
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±e Royal Society was the fact that an animal dies at once when all the air 
is exhausted from a vessel in which it is placed. He also showed that a lighted 
candle is extinpshed by the same treatment, and that sulphur and charcoal 
refuse to bum if heated in a vacuum, though they burst into flames when air 
is admitted. Gunpowder, which is a mixture of nitre (saltpetre), sulphur, and 
charcoal, did not behave in the same way. In a vacuum it was found to burn 
readily. Hooke proved that animals can be kept alive, when their normal 
respiratory movements are prevented, if air is blown through the lungs with 
bellows. He also showed that the respiration of an animal or the burning of 
a flame lasts longer in a large than in a small closed space containing air 
Lower, another member of the same coterie of English men of science' 
showed that dark “venous” blood obtained by cutting a vein becomes bright 
scarlet when shaken with air. Thus the change of colour was due to "the 
particles of air insinuating themselves into the blood.” In an early publication 
of the Royal Society, Slare (1693) develops the conclusion a little further by 
analogy with experiments in which solutions of copper compounds changed 
colour in a vacuum. Curiously enough he did not carry out the simple experi- 
ment to show that arterial blood acquires the purple hue of venous blood 
when shaken m an exhausted vessel connected with an air-pump. This was 
done by Priestley a century later. 

The power of gunpowder to ignite when heated in a vacuum suggested to 
Hooke that combustion depends on the combination of substances with a 
constituent common to air and nitre. Proof was provided by Mayow a 
contemporary English physician {circa 1670). Mayow adapted an experimmt 
which had been carried out centuries before his time. In classical antiquity 
It was known that a candle burning in a space closed by inverting a 
vessel over water makes the latter rise in the vessel (Fig. 246). Mayow repeated 
Ais experiment, substituting a mouse for a candle, with the same result 
i.e. the water level rose. The mouse eventually died, just as the candle-flame 

U “ '“8“ ’"Pf»« 

_the atOTOtic view of HMfc. %owdrwU^ 

that all coMts of two aorta of patticlea. One aort ia taien tip by the Im» 
or by the candle-flame, and another ia incapable of tahing pm in com’ 
bnstion or leapiration, Hiving shown that the residual or foul air could be 
made amtable for breathing, or combusrion by heating the niire (or saltpetre) 
1 ^ m malung gunpowder, he concluded rightly that teapiration and com- 
b^ou to trault m removing the same "nitto-aetial paiticlea.” These 
mhwmel perteto, ot aa we now say atoms of oaygen, make it possible fe 
gunpowder to eii^^ ui a closed apace, Thua air is not a simple snbto« 
or etoent mcapaUe of further dissolution. It contains at ieast two gaseous 
consutatt, one bemg present in saltpene. If Mayow’s fundatnenai^ti- 
mm had been out with an air-trap of mercuiy instead of waS^no 
nse of ievd wouid tove tappened as the air lost its power w support Itfe 
to flame, ^yow show^ that ah was deprived of one of its rooL!i!L 
mthout realizing that this constituent was replaced by another eas the 
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Vaa Helmont was led to invent the word gas by discovering that the 
bubbles produced in fermentation and the “air” in which charcoal had been 
burned to ashesj are both unable to support combustion. Hence they are not 
identical with ordinary air. The “gas sylvestre” which van Helmont collected 
fiom the wine wt was found to turn a solution of lime milky. Black found that 
the bubbles of gas given off when adds are poured on chalk, and the air we 
breathe out, both have the same characteristic. He thus showed that the 
osygen which is taken from the air by breathing or by the combustion of 
clmcoal is replaced by another gas, which he called fixed air. This fixed 



Fig, 246.—Burning a Candle in a aosun Space 


To measure the volume of air at the end of the experiment the glass jar must be 
depressed till the level of the water inside it and outside it is the same. The residual 
gas in the vessel is then at the same pressure (atmospheric) as at the beginning of the 
experiment 

air, which We now call carbon dioxide or carbonic acid gas, is nnliir<« the air 
we breathe into our lungs in many ways. For instance, it dissolves readily 
in water, with which it forms a shghtly add solution. Hence it disappeared in 
Mayow’s experiment, leaving the air less dense. The water therefore rose to 
equkize the pressure. 

Black Was a professor in Glasgow, and later in Edinburgh University. His 
many fundamental discoveries in chemistry and physics will be referred to 
again and again. He was the central figure of a brilliant coterie of Scotsmen 
about whom more will be said. The activities of tins drdc show how theo¬ 
retical sdence continually renews its youth by the infiision of new problems 
derived from the common experience of mankind and from contemporary 
sodal needs. The immediate problem which prompted Black’s researches 

Portraits'. ‘ ' ' ' ' P y^S 7 Oii^nal 
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We axe informed by Wraself that he was led t;o the examination of the 
absorbent earths partly by the hope of discovering a new sort of lime and lime- 
water which might possibly be a more powerful solvent of the stone tlian that 
commonly used. The attention of the public had been directed to tliis subject 
for some years. Sir Robert, as well as his brother Horace, afterwards Lord 
Walpole, were troubled with the stone. They imagined they had received 
benefit from a medicine invented by Mrs. Stephens, and, through their interest 
principally, she received five thousand pounds for revealing the secret. It was 
accordingly published in the London Gazette on June ID, 1739. This had 
directed the attention of medical men to the employment of lime-water in 
cure of the stone. 

The^ eminence of tlie Walpoles would not have ensured immortality to 
Black if other and more important circumstances had not drawn attention 
to his work. Shyness mi ill-health prevented Blade from publishing his 
important discoveries on heat, They were communicated verbally to the 
Newtonian Society of Edinburgh, and they would have passed unnoticed, if 
they had not inspired the invention of Watt’s steam engine (see pp 684-89) 
His friendship with Dr. Roebuck, who started large-scale commercial manu¬ 
facture of sulphuric acid, brought Black into contact with social forces which 
could find a use for new knowledge. But for that his discovery of fixed air 
would have been buried in the medical thesis in which it was announced. 

Dr. Roebuck, a physidaa from Birmingham, established a sulphuric acid 
factory at Prestonpans in 1749, started the famous ironworks at Carron in 
Stirlingshire in 1760, and leased the Duke of Hamilton’s coalfield to use pit 
coal for reducing iron ores. Scotland, which had lagged behind England in 
the exploitation of its mineral resources, had begun to develop rapidly in 
this direction after the Act of Union and the Stuart rebellions. Coal mining 
was extended m Fifeshire and in the Lothians, where the Newcomen engine 
was mttoduced for pumping. In 1766, when an Edinburgh Sodety was 
estabhshed to promote the arts and manufactures, social conditions in 
Scotland were comparable to those in England when the Royal Society was 
founded. Industry was primarily concerned with the search for materials 
and chemistry was therefore in demand. * 

Mechanization had begun in the coalfields, where Newcomen’s atmo¬ 
spheric engine was in use, when Black and Roebuck provided finandal backine 
University to improve its design 
Ip 1766 Watt IS carrymg out experiments on their behalf to test a process for 
by _the decomposition of lime and sea salt. HanSton (The 
Industrial Revolutton in Scotland) tells us that the middle of the eighteenth 
^tuiyjas also a period of rapid agrarian development in Scotland. Francis 
Home, Professor of Materia Medica and a prominent figure in the Edinburgh 

OTde,isbmyfindkgout“liowfarchymisliywUgoinKttlmgthepm^ 
ofagncdtuie. Hb treatise was published (W76) a 

of Black s thesis. lateiest in capitalist filming had been an outstandins 
f^eatra of the ptogtamme whitii die Englfeh Royal Society had undertaken 
in the fim decade of lO eiiswice, when Glaubet had lately shown that 
mannte. These eatly teseatches on soU 
Chemistry led Francis Home to important discoveries which laid the found- 
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ations of wimnerdal soil chemistry. A year after the publication of his 
Principks of Agricultm he received a gold medal from the “Honourable 
Board of Trustees for the Improvement of Manufactures in North Britain” 
in recognition of his “Experiments on Bleaching.” We are told in Kay’s 
Portraits that “he received many testimonies of eminent manufacturers whose 
art it had much improved.” He was instrumental in introducing sulphuric 
add for use in bleaching linenjand thus created a new commercial demand 
for the parent substance of modem chemical industry. 



li] . (ii) ® 


Fig. 247,—Measuring the Volume of a Gas 
In measuring the volume of a gas in a graduated glass vessel over a fluid, it is important 
to depress the latter till the level of the fluid inside and outside it is the same. If not, 
there will be a pressure difference between the gas and the outside air depending on 
the height to which the water rises. Suppose in the first cylinder (i), of sectional area 
a sq. cm., the length of the empty column is * cm., then its volume is ax c.c. If the 
oxygen is used up, e.g. by burning magnesium in it, the residual volume is iax, and 
Ae height of the dead space lx when the pressure is the same as before (i.e. in equili-' 
brium with the atmosphere). To make it equal (iii) the (^linder must be pushed down 
a little. Otherwise, the fluid will rise as it has risen y cm. in (ii). The volume of the dead 
space in (ii) is therefore a(x - y). If the fluid is mercury and the atmospheric pressure 
is P cm. of mercury, the difference in pressure between the outside air and air in (ii) 
is cm. of mercury, and the pressure of air in (ii) is therefore P - cm. of mercury. So 
P(iax) = k = (P-y)a(x-y) 

The only unknown quantity here is y, if the barometric pressure is known, and the 
height to which the fluid will rise is cdculable. If the fluid is water the numerical value 
of P is 13 ^ 6 times the figure for die mercury barometer. 

In Black’s researches on lime the Aristotelian belief that chemical changes 
result from combinations of the “volatile” and imponderable elements air 
and fire with weighable matter in its elemental forms of water and earth, 
is making way for the modem view. Black found that fixed air is given off 
when chalk is heated to form quicklime, and estimated the quantity of fixed 
air which is combined with lime (calcium Oxide) to form chalk by weighing 
the quicklime produced when a weighed quantity of chalk was heated. He 
determined how much chalk and how much quicklime are required to 
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ncutraHze an acid, i.e. to make the acid no longer able to change the colour 
of a dye like litmus, and found that the weight of lime which neutralizes an 
acid without producing effervescence is equivalent to the weight of lime 
produced by heating the amount of chalk required to neutralize the same 
amount of add. Hence the gaseous constituent combined with lime in chalk 
md liberated as bubbles when acid is poured on the latter, does not affect 
Its power to neutralize an add. 

The intcKst which Black’s researches aroused in men of Roebuck’s type 
was partly due to the fact that commercial production of alkali was becomiiii! 
an impetanve need of textile industty. The older chemists had used the word 
alkali fot any substance which ncuttalizcs an acid. Qinddime, pot..h« ^d 
raustic obtamed by boiling a solution of potashes with lime, were all 
alkahs. Black showed ttot fc poashes of industry (potassium carbonate), 
hfc «, hbetate feed air whm acted on by adds. His apetiments ptoved 
te the way m wM chalk and potashes are built up has more in common 
dim the way m which quicklime and potashes ate built up. We apress this 
^y when we say that both belong to the class of compounds ddlcd cm- 

Two new incthods of cnqi% were emerging. Each had tremendous 
consequences for the future of man’s command over the materials at his 
disposal, atherto chemists had classified the quahties of substances by their 
uses, md had neglected the observed quantities in which they combine. About 
this ume they begin to dassify them by their consiiiuentsjmd to the 
proportions m which their constituents are combined by weight. The former 
makes it possible to make a comprehensive survey of the sources of materials 
for social use. The second tells us whether tlie yield we can expect from a 
partKdar source just^es the effort expended. One difference brtween the 
chemistry of today and the chemical art of the Middle Ages Hes in the fact 
that It can teU us all tiie possible sources from which we can get material 

substitutes and the jie/fif we can get by using them ^ 

Medical men and pharmacists like Black, Francis’ Home, and Scheele were 
prommtmt among the theoretical leaders who prepared the way for the rise 

of chemicd mdustry, and Roebuck and Keir, 
of the period {vide infra), were medimUy qualified. Since chemis Jwas m 
as yet separated from tiie pradcc of medicine it inevitably benefited froni 
the ontemporary revolution in biological classification. The classScaZ 
of plants amse out of the social practice of ancient medicine. Commer- 
aal horni^ture, seed produdon for agrimlture, and the s).teLferiSr 
of sweymg the unexploited wealth of new countries dile pS 

unpetus to biological classification. This reached its zenith in fh* c 
of published iu fc uu"the“gh« 

Uuuaeu, set forth a elasiScation of the “miuetal kiugdoiSXte 
of amals and plante. In this he followed a practice which grer out of the 
mstrmons^which Elizabeth issued to her sea captains. The^roceedmas of 

local utfotmattou about plauts, auteals, or muetals, eomuuiS^ta 

0 
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colonies, like Ceylon or Malabar. Such accounts were often based on collec¬ 
tions made with direct encouragement from colonial governors. Although 
Linnaeus himself did not embody the results of new knowledge about 
chemical composition in his classification of the mineral kingdom, it was 
important because it focussed attention on a new theoretical need. 

EXPLOSIONS 

, Let us now see how researches suggested by the properties of gun¬ 
powder and by explosions in coal-mines conspired to stimulate other dis¬ 
coveries about the individuality of gases, The former encouraged the study 
of the gas called sulphur dioxide, Sulphur and charcoal both bum in air. If 
they are impure there is a small solid residue of salts. If sufficiently pure they 
leave no solid residue. The burning of sulphur is accompanied by the form¬ 
ation of very pungent fumes, which dissolve in water to form a solution 
which affects vegetable dyes, such as litmus, in the same way as the mineral 
adds. Similar fumes are produced in the absence of air when sulphur is 
heated with another constituent of gunpowder—saltpetre or nitre. The 
explanation of this lies in another fact. When heated alone, nitre gives off 
a “gas”—oxygen which sustains combustion more readily than ah itself, 
and makes foul ah shaken with water suitable for breathing. When nitre is 
mixed with sulphur and charcoal, this gas is taken up by the sulphur and 
charcoal with ffie formation of two gases, fixed ah (carbon dioxide), and 
fumes of burnt sulphur (sulphur dioxide), An explosion is nothing more 
than the sudden change of volume which occurs when these gases are liberated 
in a dosed space. Put in modern phraseology, these were essentially the 
condusions to which Boyle’s experiments with his ah pump led him, In his 
famous book, the Sceptical Chymt^ he roundly attacked the doctrine accepted 
by nearly all his predecessors who interpreted the use of heat to facilitate 
chemical changes as proof that fire dissolves complex substances into simpler 
ones. He rejected the belief that there were only a few elementary substances 
which partidpate in chemical processes. 

A due to the nature of explosions in coal-mines was found when Clayton 
(1691).prepared an "inflammable ah” by heating coal in a retort. A few years 
later the physidan Stephen Hales, who first made experiments on the pres¬ 
sure of the blood, recorded the observation that 158 grains of Newcastle 
coal yidd 180 cub. in. of the new gas. Coal gas is not a single chemical sub¬ 
stance of constant composition. Though its discovery did not, therefore, 
intrinsically add to the existing stock of knowledge about how substances 
combine, it presented two arresting features which quickened the growing 
recognition that a great variety of different substances exist in the gaseous 
state. It was inflammable and lighter than ah. The search for other gases 
received a powerful impetus from its novelty, and was also reinforced by the 
fact that acids were now being manufactured on a commercial scale. In the 
middle of the eighteenth century Cavendish made a thorough exainination 
of the bubbles given off from the action of strong acids on metals, He intro¬ 
duced a simple device (Fig, 248) for collecting them, and thus discovered a 
new inflammable gas which proved to be much lighter than ah or coal gas. 
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Coal gas bums in a closed space with a sooty flame. In abundant air, water 
vapour is produced, and the residual gas turns lime water milky. The gas 
that we now call hydrogen, which Cavendish (1766) obtained from the action 
of sulphuric add on zinc or of hydrochloric acid on tin, burns without the 
production of soot or fixed ah (carbon dioxide). The only product of its 
combustion is steam, i.e. water in the gaseous state. 

The discovery that water is a compound substance was made by Priestley 
two years after he joined tlie circle of James Watt the inventor, in 
Birmingham (see page 431). The Aristotelian catalogue of elements, from 
which ah had been removed, therefore sustained a second rude shock 
from the discovery of hydrogen. Elemental water could now be made by 



Apparatus for college hy^hoken gas by tlie action of hot, strong hydrochloric add 
(mn^uMd ffixou^ the ^stle funnel) on tin, or of sulphuric acid on zinc, The 
^imdw m which the gas is collected over water is at first completely full of water 

or pS 

combining bytogen, 9 oonjtiiaent of adds, with oxygen, a oonstitnent of 
elemental an. ® 

The temper of the times had moved far from witch burning when a new 
secuk ^racle added to the prestige of (ffiemical science. Black had demon- 
of toy b^oons Iffied with coal gas, and subsequent events 
soon brought its novelty into the arena of everyday life. In the year 1782 
two Frenchmen, the brothers Montgolfier, devised a startling demonstration 
ffiat hot air is less dense than cold. A large silk bag with an opening at the 
bottom was held by ropes over a bonfire. When it was deemed to be suffici¬ 
ently mfl or hot air, the ropes were released, and the first balloon made its 
as^t. Ajear later a similar attempt was made, this time with a carrier in 
which a duck, a hen, and a sheep were sent up. Owing to the carelessness 
ot the sheep, the results were fatal to the hen. Otherwise the experiment was 
a tnumph. In the same year Rozier made an ascent, traversing a distance of 
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Dvcf fwe milcsj in a hot-tir balloon. Meanwhile Charles had constructed a 
large hydrogen balloon in Paris. A great concourse collected at the Chmps* 
Elysics to witness the spectacle. His success made it ^ssibie to remain in the 
air without fear of being forced to descend owing to cooling. In 1784 
crowds collected in the Strand to sec the first ascent in a hydrogen balloon 
by Lunardi, and a year later Blanchard crossed the channel. The Soho 
groupj to which we shall refer later on, took an active interest in the possi¬ 
bilities of the invention. Prosser tells us that John Southern, a Fellow of the 
Iloyal Society, employed by Boulton and Watt, 

was the author of a tract on balloons, published at Birmingliam m 1783 at 
the time when the ascents by the French aeronauts were exciting much 
attention. 

HMT AND WEIOHT 

'Fhe belief that earth is an element was never more than a figure of speech. 
It had made way for a more literal statement of fact long before air had been 
recognized as a complex substance with weighablc constituents, of which 
one is also present in water. 1'he elemental nature of fire was the last of 
Aristotle’s catalogue to succumb, 'fhe materidisin of Democritus had drawn 
a clear and correct distinction between heat which accompanies motion— 
(sr, as wc should say, fiiciion-and heat which accompanies chemical ch^ges, 
wliich may also be associated with light when wc see a toe. According to 
the materialistic doctrine of the Greek atomists, heat, like light, Is merely 
one of the ways in which our sense organs detect the presence of matter. 
Such a view was far too sophisticated for the beliefs of a primitive civilization. 
Fire had a host of hallowed associutions*-cale)ftdrical, sacrificial, and sexual 
-in all the ancient mystery religions. Children were passed through the 
lire to Moloch, and virgins attended the sacred flame which never fafled. llie 
divine lire wis also the logos spermatikos, the light that lighteth every m^. 
In Stoicism, Giiostidstn, and Mithraism, from whidt Qiristian 

theological ritual severally derived so many of its ingredients, fire was an 
object of veneration, and a symbol of unspeakable mysteries. It is little matter 
for surprise that Fire was the last of Aristotle s elements to go. ^ 

It retained its hold most tenaciously in the oldest branch of chcmicd 
technology. Two basic processes of metallurgy had persisted unchanged 
from the dawn of the Iron Age till the introduction of pitcoal to replace 
charcoal. For attraction of some metals, it was sufficient to roast the ore or 
mk with charcoal in a closed sp-ice. Oialk was also added as a 
combine the quartz and day present in tiie ore into a fusible glass which 
could be easily separated from the metalHc mass. Another source of metal, 
the sulphureous ores, could only be ottratted by previous roastmg in a curr^t 
of air. This was accompanied by the evolution of sulphureous fumes (sulphur 
dioxide). On subsequent reduction with charcoal the calx formed ftom the 
sulphurtous ore yielded the metal. Alchemical aperimeats with metals 

had added tiirec imixsrtant items of additional infomatioa; 

(n) Some metals, especially tin and mercury, could be converted into 
cairn (oxides) by heating strongly in air, 
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(b) The formation of the calx is accompanied by increase of weight. 

(c) Some metals, e.g. iron, yield sulphureous ores (sulphides) when strongly 
heated with sulphur in a closed space. 

In addition to the seven metals associated with the seven pre-Copernican 
‘'planets” two otliers, antimony and zinc,had been worked as early as 1000 b.c. 
Thereafter practically no progress was made in practical metallurgy, and 
110 new facts of tlieoretical importance, other than the three stated above, had 
been ascertained till towards the end of the eighteenth century. In ancient 
metallurgy tlie use of charcoal to reduce the oxide ores, and the preliminary 
treatment of sulphureous ores in tlie blast furnace, were empiricri facts. 
Their significance resided in the mysterious properties of fire. Failure to 
form correct conclusions about the way ores are built up made it impossible 
to lay down rules for seeking new sources and sorts of metal. 

In the light of what we have now learned about combustion and explosion, 
it is easy to see what happens in the extraction of metals. The sulphureous 
ore is a compound (sulphide) of metal and sulphur. The sulphureous fumes 
(sulphur dioxide) and cak (metallic oxide) formed in the roasting furnace are 
compounds of oxygen with sulphur and metal respectively. The air of the 
blast furnace supplies the oxygen (or nitro-aerial particles) which converts 
the sulphur of the ore into sulphur dioxide, and the metal of tiie ore mto 
metallic oxide. The charcoal or coke used in reducing the cak is consumed 
when it burns, forming fixed air (carbon dioxide) by combining with oxygen. 
In a closed space it cannot take this oxygen quickly from the air. It takes it 
slowly from the ore, as it takes it rapidly from the nitre when gunpowder 
ignites in a vaaium. The formation of a cak from a metal when heated in 
air is essentially like the combustion of charcoal to form fixed air. The only 
difference is that charcoal ignites at comparatively low temperatures, whereas, 
with a few exceptions like the magnesium of flash-light photography, metals 
only combine rapidly with oxygen at very high temperature. The entire 
sequence of changes when metals are extracted will be made dear if we now 
separate the known facts from what we now know to be the correct explan¬ 
ation. 

The known facts were; 

(1) sulphur (soHd) + metal (soHd) = sulphureous ore (solid) 

(c.g.iron) (e.g. pyrites) 

(2) sulphur (solid) + oxygen (gas) = sulphureous fumes (gas) 

(of the air) (sulphur dioxide) 

(3) metal (solid) + oxygen (gas) = cak (solid) 

(oftheair) 

(4) charcoal (solid) -h oxygen (gas) = fixed air (gas) 

(oftheair) (carbondioxide) 

The likely explanation of the industrial processes was therefore - 

(6) In the roastmg furnace, ' ^ 

sulphufous ore + oxygen «cak + sulphur dioxide. 

(6) In the closed furnace, . . 

cak + charcoal »*= metal-!-carbon dioxide. 
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I'Ot C6m|)letc proof of this it was necessary to show: 

(«) that the incrensc of weight when the calx is formed from its metal is 
due to the disappearance of an equivalent weight of oxygen; 

(h) that the gases formed in the roasting and closed furnaces were respec¬ 
tively identical widi those formed when sulphur and charcoal bum in 
air; 

(c) that the difference between the weight of calx used and metal fomied 
is equal to the difference between the weight of fixed air produced 
and the weight of carbon used up. 

'Fhc lirst step {&) had atedy been surmised by a French chemist Rey (1030), 
who had absorbed Galileo’s doctrine, before Boyk, “with tlie help of our 
eiigiae,” had sliown how he could “weigh the aire as we weigh other bodies 
in its natural or ordinary consisicncc.” “Let all the greatest minds in the 
world,” said Rtw, “be fused into one mind, and let him seek diligently on 
the earth and in the heavens; let him search into every ttanny of nature: 
lie will only find the cause of this augmentation in the air ” The last step (c) 
was made }.K)ssihIc by Black’s discovery. Girton dioxide turns a solution 
of lime milky because it precipitates the insoluble compound calcium car¬ 
bonate (chalk). Black liad foimd the weight of carbon dioxide m a given 
quantity of chalk. So the quantity of carbon dioxide in a given quantity 
of air can Iw ascertained by shaking it with lime water, filtering off the 
precipitate, drying the hitter and weighing it. 

Even tltc English physicists, whose “nitro-aeriai particles” offered the 
neeesary due to the nature of combustion, were readier to rccognixc its 
kinship 10 the breath of life than to probe into the Promethean secrets of 
inctaJlurgy. Boyle himself stuck to the belief that metals like tin and lead, 
wMdi readily form oxides when hcatex! in ait, iucreasc in weight by absorbing 
the (lAvf particles with power to penetrate the walls of the furnace, Mcan- 
wlie a school of coittinemal chemists preserved the purity of their studies 
from antaminatiflii wdih the growing knowledge of the nature of heat by 
febriating a doctrine which may well commend itself to those economists 
who believe in the possibility of erecting science on a foundation of self- 
evident principles. Ihe doctrine of phlogiston, which was the last attempt 
to sustain the dcmental nature of fire, was concocted towards the end 
of the seventeentlt century. It provides art instructive example of the way 
in which fads may Ik used to illusindc instead of to test the truth of a 
theory, 'Ihc arguincnt runs as follows. It is self-evident that if tilings bum, 
they must contain the fire principle. A combustible substance is, therrforo, a 
combination of a calx or non-combustible material witli the fire principle 
phlogiston. The escape of phlogiston when a corabu.sliblc substance burns is 
accompanied by production of incombustible material which actu^y wrighs 
tnore than its predecessor. It is therefore self-evident that phlogiston must 
be endowed with tlic opiwite of weight, My, or Ac power to make a body 
weigh less. Much valuable time \m wasted in disproving a theory wth 
nothing to commend it but the elegance of flawless reasoting from premises 
which have no foundation in fact. 

What contributed most to disaedit phlogiston in the long run was 


growing interest in the nature of heat. Heat, as a source of mechanical 
power, was beginning to effect a veritable revolution in human life. The 
problem of measuring heat and of classifying the different sources and means 
of transmitting it was beginning to eclipse the physical problems which had 
arisen from the practice of time reckoning and of earth survey. As we all 
know, the production of heat alone or of heat and light together can be 
brought about without any other change in the properties of a body. A 
poker which is heated till it glows is in other respects just a piece of iron 
weighing as much as it did before. The heat which is accompanied by incan- 


iriaxr 




Fig. 249 .-—Apparatus Showing Air Burning in Coal Gas 


in pardcvlai conditions. 


esccDCe when a body « said to bum away only differs in intensity ta 
le heat given out or taken in in any change ftom one “““• 

t is die same physical phenomenon as the heat produced by fcenon when 
wheel is not hibrieated, or the heat acquired by contact when the poker u 

Iff chcmicid changes me associated with diffenm of tmpet^. 

Phen washing soda (sodium carbonate) is dissolved “ * Ae “'“O® 

I wler than the surrounding ait. When sulphunc wd is added to warn 

be mBture is hotter. If we let aulphutic f ? “ckle 

ube immersed in a large bath of water, the flmd round ^ 

01 If we let water trickle through a narrow tube inM a 

cid, the fluid near the orifice becomes ac^y hot. 

Him in MBl gas just as coal gas will bom m ait (m Fig. 249). fc we 
pedtof.^mbustftle substance,orasub^w^sW^^^ 
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The hot air which makes the Montgolfier balloon go up is not less dense 
iHjctiuse it absorbs “fieiy’* particles endowed with the peculiar gift of levity 
\h>m the matter burned to inflate it. Hot air is less dense, because the 
'iiune number of particles occupy more space. The volume occupied by a 
given weight of a gas whose othrchmictmtics remain mhanged increases 



¥m. 5!S(J 

Apparatus ft'r findiuf? effVct of temperature on the volume of 8 ps st constant presstne. 
■ftic tube A ati lie tsised and lowered so tltflt the level of mercury sa the tubes A and B 
always the jatne. Tlius the volume of gas, shown by the scale of the gmduated limb 
ii, is always at stmospheric pressure when die measurements arc made. 1 he tempea- 
ture is changed by ptuting wirm water into the glass jacker C. 

according to«definite rule as the temperature is raised. Bis rule was first 
discovered by the inventor of the hydrogen balloon. 

Boyle’s law is not a satisfactory guide for calculating the weight of a gw 
from its volume, unless the temperature remains the same. So in Boyle’s 
time accurate weighing was hampered because a satisfacto^ theranometnc 
scale had not been fixd (sec Chapter XI). Be rifle, which is callal CkM 
Im, provides us with an opportunity of iliustrating how irupto/ methods 
:trc usd in science to detect the rule which connccti a set of observations. 
'I'he chtmges in volume which a futed weight of p undergoes when the 
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temperature is raised and the same pressure is maintained, can be recorded 
by die simple apparatus shown in Fig. 250. The results of such an experi¬ 
ment are plotted in the next figure. The distance of each point measured 
along the x-axis corresponds to die volume of gas at a particular pressure. 
The latter is represented by a distance measured along the y axis. Thus 
the line BC represents the difference between the volume of gas v measured 
at f on the centigrade scale and the volmne V (= AO) of the same sample 
of gas measured at 0° C., i.e. BC = 0 - V. The line AB is the corresponding 
temperature difference t-~Q = t. 

Since all the observations fall approximately on a straight Une, the ratio 
Be -f AB or (0 - V) V t is approximately tlie same for corresponding 
values of 0 and t included in the observations made on the same sample 
at the same pressure. Since V is fixed in any such experiment the ratio 
[(0 - V) -f t] -r V is also fixed in any particular experiment. This ratio 
is found to have the same numerical vdue, approximately in different 
experiments with different cases, i.e. 

0-V 
Vt """ 273 

V '”273 


0 

V 



® t 273 4" t 
V” 273 * 


'273 + 1\ 
273 ] 


If we put T instead of (t + 273), the volume 0 of a gas at any temperature 


i is directly proportional to T. 




The ratio V 4- 273 involves two fixed numbers, since V is the voluine of 
gas at 0° C. in any particular experiment, Throughout a single experiment 
it may thus be replaced by one constant thus- 

.v^'CT,'.;',, -'I 


The nnmbei T obtained by adding 273 to the tempeiatote registered by a 
thetniometcr is: called the Atolule Imperatwe of Ito gas. At 
comm pressure, die ratio of the volm of a given weight of gas to tts 
absolute temperatute is bed, just as at a feed temperatim * P* ^ 
the pressure and volume of a given weight o^as is consmt. 
of agas at constant pressure is increased by vltr of its volume at 0 C. for 

pafe/toie^cal processes can be measured with the greatest ease. Then; 
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dm$im at t standard temperature and pressure must first be tabulated once 
and for all for reference, The densities of gases determined directly by 
virtighing an evacuated vessel, filling it with gas at standard pressure and 
reweighing it, arc usually recorded for the standard temperature 0°C. 
(i:7.T on the absolute scale), and a standard pressure of 700 mm. on the 
mercury barometer (ailed 1 aimosphere). The weight of any gas can then be 
alculated from its volume recorded in a graduated glass vessel (Fig. 247) 
at a known temperature and atmospheric pressure. The following problem 
illustrates how the gas laws are applied to save tlie trouble of weighing a gas. 

Suppose the chemist who wants to know the proportions in which magne- 



Tivnfcniiwre 
Fig. 2rii 

(Ttaoliical reprcsentaiion of cliasuie of volume wludi a quantity of gas oippying 
1 cub, ft. at tt" C, undergoes as tiic tempcratiite is raised, the prc.s8ure at wluch the 
gai is measured being consiant (atmospheric) throughout, 


bium combines with oxygen to form its “calx/’ has found that 1 • 123 grams 
of magnesium combine with fdiO cx. of oxygen measured in a graduated vessd 
when the mercury barometer reads 715 cm. and the^temperature is irf C His 
tables of density tell him that 1 litre of oxygen weighs 1‘43 grams at S.T.P. 
(If and 70(1 mm.). By applying Boyle’s law (page 3B7), which tells us that 
volume is inversely proportional to pressure, hc^can find how much space 
the gas would occupy at standard pressure, ITiis is 


To apply Charles’ law he converts the centigrade temperature 16 C to the 
absolute scale, 273”+ SbB'’. Since 0” C. on the absolute scale u 273, 
the volume of gas measured at standard ixmpexatore is 

662-6 X HI *623*8 c,c. 
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Hence the measured volume of 660 c.c. at 16“ G. and 760 mm. would occupy 

623'8 c.c, at S.T.P., and therefore weighed (623'8xl’43)~l,000~0*749 

grams. Thus 0'749 grams of oxygen combine with 1*123 grains of magne¬ 
sium, and the combining ratio is approximately 2:3. 

Graphs which are superficially like the one shown in Fig. 251 are exhibited 
in textbooks of economics to illustrate theories about supply and demand, 
or wages and profits. Tliis makes raders who lack self-confidence infer that 
economics is an “exact” science. Two characteristics of the graph in Fig, 261 
should therefore be recognized. One is that it tells you how io do methmg, 
i.e. to find the weight of a given volume of gas by reference to tables of density. 
The other is that ach point on it corresponds to two actual measurements. 
The draughtsmanship exhibited in textbooks to illustrate marginal utility 
has neither of these characteristics, Neither of his co-ordinates corresponds 
to a measured—or, in the present state of knowledge measurable-entity 
when Dr. Ificks (r/i(?o?y <?/IFfl^'es) states: 

If now the employer’s concession curve cuts the resistance curve on the 
horizontal part, the Union will generally succeed in maintaining its claim; but 
if it cuts it at a lower point, compromise will be necessary and it is over such 
compromises that misunderstandings and strikes most easily arise, 

OT CALCINATION OF METALS 

The recognition that the roasting of a sulphureous ore in the furnace, the 
formation of a calx or oxide when a metal is heated in air, or the slower rusting 
of iron in moist air, ach involve processes akin to lie explosion of gun¬ 
powder, to the burning of charcoal, or to the respiration of a mouse, followed 
quickly after the work of Black and Cavendish, Shortly after the discovery 
of hydrogen, a clearer insight into the process of oxidation, that is to say, 
chemical chiige in which oxygen enters into a new combination with an 
dement, was gained through the complete separatioa of both the prindpal 
constituents of ak, Rutherford (1772) used up all the oxygen (roughly one- 
fifth of the total volume) by burning in air substances like charcoal, sulphur, 
and phosphorus, recently prepared by the Swedish chemist Scheele from 
bone ash. When this is done, the acid products (oxides of carbon, sulphur, 
and phosphorus), being soluble, are easfiy removed by shaking the residual 
gas with a mildly alkaline solution. What remains forms four-fifths of the air 
by volume. It can be most radily prepared by burning magnesium in air 
till no more magnesium will bum. The oxide of magnesium, being a soKd 
powder, settles oh the sides of the vessel, leaving a residual gas which is 99 
per cent nitrogen. Nitrogen neither bums like hydrogen, nor allows sub¬ 
stances to burn in it as oxygen does. Like oxygen and hydrogen it is colourless, 
odourless, and only sparsely soluble in water. It is but little less dense than 

airitsdf. . . 

The separation of this relatively inert portion of the aunospnere was 
followed by a careful study of the characteristics of its active partoer. As 
early as 1489 the alchemist de Sultzbach had noticed a “spirit” given off 
when red oxide of mercury is hated, laving the meml behind. Shortly after 
Hooke’s work several chemists had collected “jSre air” liberated by hating 
saltpetre. Apart feom noting that combustible substances bum more fiercely 
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and brightly in it, none of tliese pioneer claimants to the “discovery” of 
oxygen made a careful study of the characteristic properties wliich distinguish 
the gas from the rest of the atmosphere. Simultaneously in the year after 
the separation of nitrogen, three chemists, Scheele, a Swedish apothecary, 
Priestley in England, and Lavoisier in France, showed the identical character¬ 
istics of a gas produced from several different sources. They also established 
its identity with the “nitro-aerial particles” of common air by recognizing 
the same products of combustion, such as (a) carbon dioxide which turns 
lime water milky, (b) sulphur dioxide and phosphorus pentoxide, each with 
its characteristic odour, and (c) the solid reducible metallic calces like iron rust. 

Although the elementary nature of air had been tacitly abandoned by 
Boyle and Hooke, chemists had found it hard to realize how many kinds of 
matter exist in the gaseous state. For long it was the fashion to speak of the 
new gases which had been successively discovered as different kinds of air. 
The elementary gas hydrogen, having great levity and inflammability, was 
inflammable air. The compound gas carbon dioxide formed by burning 
charcoal, heating chalk, or pouring acids on potashes, was fixed air. The 
pungent, highly soluble, and powerfully acid “spirits of salt” exhaled by 
distilling vitriol (sulphuric acid) with sea salt (sodium chloride) to make 
Glauber’s salts was not yet called by its modern name. What we now call 
hydrochloric acid gas or hydrogen chloride was “marine acid air.” The 
pungent highly soluble and strongly alkaline spirit prepared by heating lime 
with smelling-salts (ammonium carbonate) or sal ammoniac (ammonium 
chloride) and collecting the gas over mercury was “alkaline air.” The 
resolution of the air into two distinct constituents, each with its own 
characteristic properties, finally put a stop to this confusion. Henceforth each 
gas had a name of its own. 

Every obstacle to an intelligible account of the metallurgical processes was 
now removed. After a century of futile sophistication, deductive chemistry 
succumbed to Lavoisier’s experiments on calcination, and the phlogiston 
theory was abandoned. Lavoisier’s experiments on the formation of the calx 
when tin is heated in air showed three things: 

(a) A fixed quantity of tin could be converted into calx by a fixed quantity 
of air, yet some air remained however much tin was used. The calx 
was, therefore, a combination of metal and one of the constituents of 
air in definite proportions. 

(h) A sealed retort containing the metal from which no air was allowed to 
escape weighed exactly the same before or after conversion of the 
metd and its cdx. Therefore, the greater weight of the calx was not due 
to the penetration of “fiery particles” through the walls of the vessel. 

(c) The inaeased weight of the calx was exactly offset by the diminished 
weight of the air. The diminished weight of the air is not due to an 
increase of “levity.” At fixed pressure it is accompanied by an actual 
decrease of volume. This was shown by the fact that air rushed in 
when the seded retort was opened. The inrush of air was accompanied 
by an inaease of weight, equivdent to the increase of weight when 
the same quantity of metal was converted into cdx in an open vessel. 
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Similar results were obtdned by heating mercury to its boiling point, 
when it forms the red oxide wliich can easily be converted back to its con¬ 
stituents as a source of oxygen. These experiments combined the essential 
features of Mayow’s experiments with the mouse and the candle, with the 
additional information gained from weighing all the ingredients and products. 

THE RISE OF CHEMICAL INDUSTRY 

The death-blow to phlogiston was the need for precise gmdance to meet 
the new socid needs of chemied manufacture. The work of Priestley, Scheele, 
and Lavoisier, was undertaken when chemied manufacture in the modern 
sense was just beginning. In France, Lavoisier was one of a group of chemists 
which included BerthoUet, who discovered the bleaching power of chlorine, 
and Leblanc, whose alkali process solved an acute technologicd problem 
of the revolutionary wars during the last decade of the eighteenth century. 
The encouragement which Lavoisier’s work received from a growing 
demand for chemical knowledge in his time is sufficiently illustrated by the 
fact tliat he was appointed to direct the manufacture of gunpowder by Turgot 
two years after (1776) the completion of his researches on metallic oxides. 
He succeeded in making the sdtpetre output of France fivefold greater, 
abolished the irksome regulations for collecting refuse and manure from 
private cellars, etc. (see page 407), and increased the explosive power of the 
mixtiue. He was later (1791) commissioned by the National Assembly to 
draw up a conspectus of the mineralogical resources of France. 

Priestley’s parallel enquiries into metallic oxides are intimately related to 
die metallurgical problems of the Industrial Revolution which began in 
Birmingham. In 1760 Matthew Boulton set up a hardware factory employing 
over six hundred skilled workmen. The machinery was run by a waterwheel, 
for which the supply of water was insufficient in dry summers. Boulton 
conceived the plan of using a pump to return water from the outflow to the 
conduit. He had a keen interest in the nascent physical science of his time, 
fostered to some extent by a Scots physician named Small, to whom he had 
been introduced by Benjamin Franklin. Small was responsible for bringing 
Boulton into touch with James Watt, the young Scots engineer who had been 
working to improve the Newcomen design. From the partnership between 
Boulton and Watt in 1776 the new era of macliine manufacture came into 
being. Boulton was a close friend of Roebuck, whose first attempt to manu¬ 
facture sulphuric acid on a commercial scale had been made during his 
residence in Birmingham three years before he set up his factory with 
Garbett in Prestonpans. His keen interest in the chemical problems of metal¬ 
lurgy arose partly from the use of alloys in his factories. He was also a con¬ 
tractor for the Royal Mint. For a short time he was in partnership with Keic, 
who afterwards set up an alkali factory in Britain. 

The device which led to the partnership of Boulton and Watt may have 
been directly inspired by the propinquity of tlie Birmingham factory to 
the Potteries wliich provided an early market for the Boulton-Watt products. 
At that time the Potteries were importing their best days from Cornwall. 
Between 1760 and 1760 two master potters of Staffordshire, John Turner 
and Josiah Spode, had also employed a Cornish steam pump to work a 
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waterwheel in their industry, which relied for fuel on the North Staffordshire 
coalfields. Like Boulton, Wedgwood, the leading figure in the expansion of 
the Potteries, was an intrepid experimentalist. Like Boulton, he maintained 
a correspondence with Priestley, encouraged him to come to Birmingham, 
supplied him mth free apparatus, and, in particular, took great pains to 
construct for him the best retorts and stoves, Wedgwood was elected a Fellow 
of the Royal Society in the same year as Priestiey. After Priestley moved to 
Birmingham, Wedgwood co-operated with Boulton in providing financial 
resources to support him in his researches. 

The ensuing passage from Smiles* biography of Boulton and Watt gives 
us a vivid picture of the cultural renaissance which accompanied their 
partnership in England: 

Towards the close of last century, there were many little dubs or coteries 
of scientific and literary men established in the provinces, the like of which 
do not now exist. ... At Liverpool, Roscoe and Currie were the centres of 
some such group; at Warrington, Aikin, Enfield, and Priestley of another; at 
Bristol, Dr. Beddoes and Humphry Davy of a third; and at Norwich, the 
Taylors and Martineaus of a fourth. But perhaps the most distinguished of 
these provincial societies was that at Birmingham, of which Boulton and Watt 
Were among the most prominent members. . . . The meetings were appointed 
to be held monthly at the full of the moon, to enable distant members to drive 
home by moonlight; and this was the more necessary as some of them—such 
as Darwin and Wedgwood—lived at a considerable distance from Birming¬ 
ham. . . . Dr. Darwin was regarded as the patriarch of the Society. His fame 
as a doctor, philosopher, and poet was great throughout the Midland Counties. 
He was exttemely speculative in all directions, even in such matters as driving 
wheel-carnages by steam., , . Dr. Priestley, the discoverer of oxygen and 
other gases, was one of the yomgest. We find Boulton corresponding with him 
in 1775 , principally on chemical subjects, and supplying him with fluor spar 
for purposes of experiment. Five years later, in 1780 , he was appointed minister 
of the Presbyterian Congregation assembling in the New Meeting-house, 
Birmingham; and from that time forward he was one of the most active 
mmbers of Ae Lunar Society. ... At the time when he settled at Bir¬ 
mingham, Priestley was activdy engaged in prosecuting inquiries into the 
constiturion of bodies. He had been occupied for several years before in 
making investigatipns as to the gases. The discovery of carbonic acid gas by 
Dr. Black of Edinburgh had attracted his attention; and, living conveniently 
near to a brewery at Leeds, where he then was, he proceeded to make experi¬ 
ments on the fixed air or carbonic acid gas evolved during feimentation. From 
these he went on to other experiments, making use of the rudest apparatus- 
phials, tobacco pipes, kitchen utensils, a few glass rubes, and an old gun- 
barrel. The pursuit was a source of constant pleasure to him. . . . Such was 
Priestley, and such were his pursuits, when he settled at Birmingham in 1780 . 
rhere can be little doubt that his enthusiasm as an experimenter in chemistry 
exerased a powerfiil influence on the minds of both Boulton and Watt, who, 
Aough both full of work, anxiety and financial troubles, were nevertheless 
found taking an active interest from this time forward in the progress of 
chcnueal science. Chemisdy became the chief subject of discussion at the 
meeoEgs of the Lunar Society, and chemical experiments the principal reaea- 
^n (tf^theu: leisure hours. "I dined yesterday at the Lunar Society (Kelt’s 
house), wrote Boulton to Watt; “there was Blair, Priestley, Withering, Galtou, 
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and an American ‘rebel,’ Mr. Collins. Nothing new except that some of iny wdiite 
Spatlios Iron ore v/as found to contain more air than any ore Priestley had 
ever ttied, and, what is singular, it contains no common air, but is part fixahle 
and part mflammable." To Henderson, in Cornwall, Boulton wron;, two months 
later, “Chemistry has for some time been my hobby-horse, but I am pre¬ 
vented from riding it by cursed business, except now and then of a .Sunday. 
However, I have made gicat progress since I saw you, and am almost an adept 
in metallurgical moist chemistry. I have got all that part of Bergmann’s last 
volume translated, and have learnt from it many new facts, I lutve annihilated 
Wm. Murdock’s bedchiunber, having taken away the floor, and made the 
chicken kitchen into one high room covered over with shelves, and these I 
have filled witli chemical apparatus. I have likewise set up a Priestleynn water- 
tub, and likewise a mercurial tub for experiments on gases, vapours, etc., and 
next year I shall annex to the.se a laboratory with furnaces of all sorts, und all 
otlrer utensils for dry chemistry.” The "Priestleyan water-tub” smd “mercurial 
tub,” here alluded to, were invented by Priestley in the course of his Investiga¬ 
tions for the purpose of collecting and liandling gases; and the pneumatid 
trough, witli glass retorts and receivers, shortly became part of the furniture 
of every chemical laboratory. 

Another passage from Smiles refers to the tangible support which Priestley 
received from Boulton and Wedgwood: 

Josiah Wcdgw'ood was another member of the Lunar Sodety, who was 
infected by Dr. Priestley’s enthusiasm for chemistty; and knowing diat the 
Doctor’s income from his congregation was small, he and Boulton took private 
counsel togetlier as to the best means of providing him with frmdi, so as to 
place him in a po.sition of comparative ease, and enable him freely to pursue 
his Investigadons. .. . Wedgwood had undertaken to sound Dr, Priasiley, 
and he thus communicated the result to Boulton: “The Doctor says he never 
did intend or think of making any pecuniary advantage from any of Ws experi¬ 
ments, but gave tliera to tlie public with their results, just as they happened, and 
80 he should continue to do, without ever attempting to make any private 
emolument from tliem to himself. I mentioned this business to our good 
friend, Dr. Darwin, who agrees witli us in sentiment, tlmt it would be a pity 
that Dr. Priestley should have any cares or cramps to interrupt Itim in the fine 
vein of experiments he is in the midst of, and is willing to devote his time to 
the pursuit of, for tlie public good. . .. Dr, Darwin will be very cautious 
whom he mentions tliis affair to, for reasons of delicacy which will have eqial 
weight with US all. I mentioned your generous intention to Dr, P., and that we 
thought of each; but that, you will perceive, cannot be, and the Doctor 
says much less will siifiice, m he can go on very well with per lumum. 

The Darwin referred to in this passage was Erasmus, the grandfather of 
Charles, and autlior of the first book (Zoomnnea) setting forth the evolutionary 
doctrine in Britain, llie description of the Lunar Society given by Smiles 
emphasizes in a very forcible way the cultural decadence of the older seats 
of British learning in the period tliat extended from the gencraiion of 
Newton and Bradley to the repeal of the Test Acts, which followed the 
foundation of new institutions such as those in which Davy, Dalton, and 
Faraday carrjed out their work. It is insiructive to note ffiat some of the 
leaders of science like Priestley and Benjamm Franklin were intensely alive 
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m file political sttugglas which aiitidpated and accompanied the next stage 
of indiistiiul expansion. Thus Smiles tells us; 

'Hie imprcsskmable mind of Dr. Priestley was moved in an extraordinary 
degree by tlie startling events which followed each other in quick succession 
at Parisj and he entered with zeal into tlie advocacy of tire doctrines of liberty, 
equality, and fraternity, so vehemently promulgated by the French “friends 
of amn.’* His chemical pur.suir3 were for a time forgotten, and he wrote and 
preached of human brotherlwd, and of the downfall of tyranny and pricst- 
craft. He hailed with delight the successive acts of the National Assembly— 
abolMiing monarchy, nobility, cluiich, corporations, and other long-established 
institutions, He had already been long and hotly engaged in polemical dis¬ 
cussions with the local clergy on disputed points of faithj and now he addressed 
a larger audience in a work which he published in answer to Mr, Burke’s 
famous attack on the “French Revolution.” Burke, in consequence, attacked 
liim in tlic House of awnmonsj while the French Revolutionists, on the other 
hand, hailed him as a brother, ami admitted liim to the rights of French citizen¬ 
ship. These proceedings concentrated on Dr. Prie.stley an amount of local 
exasperation that shortly after burst forth in open outrage. On July H, 1701, 
a public dinner was held at the principal hotel to celebrate the second anni¬ 
versary of the French Revolution. Alwut eighty gentlemen were present but 
Priestley was not of the number. A mob collected outside, and after shouting 
“Church and King I” they proceeded to demolish tlie inn windows. The 
magistrate.s shut their eyes to the riotous proceedings, if they did not actually 
connive at them. A cry was raised, “To the New Meeting-house,” the cliapel 
iii which Priestley ministered; and thither tlie mob surged. I'he d<x)r was at 
once burst open, and tire phtcc set on lire. . . . They made at once ftir Dr. 
Priestley’s house at Ftiirhill, about a mile wid a half distant. The Doctor and 
his family had escaped about Imlf an hour before tlieir arrival; and the house 
was at their mercy, They broke in at once, emptied the cellars, smashed the 
furniture, tore up the books in the library, destroyed the philosophical and 
clicmkal apparatus in tlie laboratory, and ended by setting lire to the house. 
The roads htr miles around were afterwards found strewed with skeds of the 
valuable manuscripts in which were recorded the results of twenty years’ labour 
and smdy-a loss which Prie.stky continued bitterly to lament until the dose 
of his life. .. . I'he meraber.H of the Lunar Society, or “the Luntuics/’ as 
they were popularly called, were cspedully marked for attack during the riots, 

, . , Ikmlton ami Watt were not without apprehemions tliat an attack would 
be made upon them, as being the head and front of the “Philorophers” of 
Birmingham. 'Fhey accordingly isrcpared for the worst; called their workmen 
ttsgetlicr, pointed out to them the crimmality of the rioters’ proceedings, 
imd placed irmi in their hands on their promising to do theh utmost to defend 
the premises if attacked. ... As for Dr, Friesfiey, he shook the dust of 
Binningham from Ws feet, and fled to limdon; from thence emigrating to 
America, where he died in mi. WMle such was the blind fury of the populace 
of Blrmmglwm, the principles of tlic French Revolution found adJicrents in 
fill parts of Htigland. Clubs were formed in London and the principal pro- 
vlnoial towns, .ind a brisk wrreipondmcc was carried on ktween titcra Md the 
Revolutionary leaders of France, Among those invested witli tlie rights of 


were cknen members of the National Convention; and , though the lormer 
took his seat for Chltis, the latter dedined, on tire ground of his inability 
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to speak the language suiSciendy. Among those carried away by the political 
epidemic of the time were young James Watt and his friend Mr. Cooper of 
Manchester. In 1792 they were deputed, by the “Constitutional Society” of 
that town, to proceed to Paris and present an address of congratulation to the 
Jacobin Club, then luiown as the “Soci6t6 des Amis de la Constitution.” While 
at Paris, young Watt seems to have talten an active part in the fiery.agitation 
of the time. He was on intimate terms with the Jacobin leaders, Southey says 
that he was even the means of preventing a duel between Danton and Robes¬ 
pierre, to the former of whom he acted as second. Robespierre afterwards 
took occasion to denounce both Cooper and Watt as secret emissaries of Pitt, 
on which young Watt sprang into the tribune, pushing Robespierre aside, and 
defended liimself in a strain of vehement eloquence which completely carried 
the assembly with him. 

Alger asserts that Watt junior was the anonymous Whig mentioned in 
Carlyle’s narrative. The account of Priestley’s career given in The dictionary 
of National Biography says that Priestley himself was also 


elected a member for the Department of Orne in the National Convention. 
Other Departments followed suit, but while he accepted citizenship, he declined 
election. The majority of members of the Royal Society fought shy of him. 
Finding diat they were rejecting candidates on political grounds^ he withdrew 
attendance (1793). 

The mechanical innovations associated with what is usually called the 
Industrial Revolution have overshadowed an important feature of the change 
which manufacturing underwent during the latter half of the eighteenth 
century. It is mentioned in the concluding remarks of the following extract 
fxomMh Rise of the British Coal Industry: 


The expansion of industry and particularly the expansion of the woollen 
industry, diminished the space available for planting new trees. ... In all 
countries near the sea, writes an anonymous authority towards the end of 
Elizabeth’s reign, “most of the woods are consumed and the ground converted 
to com and pasture.” ... If the growtit of the woollen industry in particular 
discouraged the planting of trees, the demands of industry quickly drained 
tlie existing forests of dieir timber. For in that age wood was the raw material 
of all industry to an extent which it is difiicult for us now to conceive. Charcoal 
liad to be mixed with saltpetre in preparing gunpowder. From the bark of 
trees workmen extracted a sap then indispensable in making pitch riid tar, 
witli wliich to caulk the hulls of ships, and from wood ashes came potash, 
an essential constituent for the production of soap, glass arid saltpette. The 
principal drain caused by the expansion of industry arose... from ke 
demands for it as building material and as fuel. Ours has often been caUed 
an age of coal and iron, and it is perhaps no less appropriate to call the sixteenth 
and seventeenth centuries an age of timber. . .: It ds imccessary to dwell 

at length on the many thousand uses forfirewoodmearlymdusuy.Itissfc 

to point out that no change could be wrought in ore or metal without the aid 
of fuel that substantial quantities of wood and charcoal were bemg consmned 
in making starch, refining sugar, baking bread, firing pottery, ^ 

tobacco pipes, drying malt and hops, and boilmg soap. . • 
in the quantity of bricks, or saltpetre, lime or salt nianufacmred with wood 
fuel involved sqqous ucw resources. Bq, 
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the chief wastage was caused by glass makers and smelters.... The smelting 
of iron was only a part of the larger problem of smelting and refining all metalSj 
and that again was only a part of the still larger problem of maldng coal a suit¬ 
able substitute for wood in industry generally, and of reducing the total con¬ 
sumption of fuel of all kinds in a given process.... In 1623 a certain Lev^ 
van Hack had undertaken to extract silver from lead in Cardiganshire, using 
sea-coal in tlie smelting and charcoal “only in the refyning.” We know nothing 
about his methods or his success, but in an article written 1678, and devoted 
to the methods of separating silver and other bodies from lead ore. Dr. Cluris- 
topher Merret remarks that the “latest invention is a new furnace. The con¬ 
venience ... is, that a little fire, and that of New Castle coals, will do the 
work.” ... In 1620 the Crown granted a patent for “charking earth fuel” 
to be used in smelting, and this is the first unmistakable reference to such an 

attempt that has been found_With coke made in much die same way, 

Abraham Darby solved the problem of iron smelting, which, unlike the smelting 
of lead and tin, could not be accomplished with raw coal, even after the inven¬ 
tion of the reverberatory furnace. . . . The ultimate discovery by the elder 
Darby at the beginoing of the eighteentli century of a successful process 
depended on innumerable experiments , . . often directed towards the 
smelting of metals other than iron, and even more often not directed towards a 
solution of the melting problem at all. 

The activities of Roebuck, whose Carron Works at Stirling took a prom¬ 
inent part in the introduction of coal for reducing metal ores, illustrate the 
words italicized in the foregoing citation. While “the furnaces and forges 
had eaten up the woodlands of Sussex,” and, as the Hammonds tell us, “were 
beginning to strip less promising districts bare,” all the manufactures which 
depended on wood were, forced into the search for material substitutes. One 
of the more important by-products was the alkaline potashes prepared by 
incinerating charcoal. Potashes were used for the maldng of glass and of 
soap, and for the cleaning of wool. Keir, whose house is mentioned by Smiles 
in a previous quotation, was one of the first to set up a factory for making 
alkali from sea salt. By the end of the century the commercial production 
of alltali was well established. 

The foundation of the synthetic alkali industry was made possible by 
the commercial production of sulphuric acid. Sulphuric acid was indeed the 
parent substance of modem chemical manufacture. Its composition will be 
dealt with more fully in the next chapter. Brimstone bums in air to form 
sulphur dioxide, a pungent gas which dissolves in water to form' sulphurous 
acid Sulphurous acid dissolves metallic oxides and alltalis forming salts called 
“sulphites.” When heated with air in the presence of spongy platinum, 
sulphur dioxide is partially converted into sdphur trioxide, which contains 
more oxygen. Sulphur trioxide combines with water to form a heavy 
oily liquid, "vitriol” or sulphuric acid, which dissolves metals, alkalis, 
etc., thereby forming metallic “sulphates.” The present world output of 
sulphuric acid is about 16,000,000 tons per year. Writing about 1840, a 
century after Ward’s patent was first put into operation, Liebig said: 

We may judge with great accuracy the commercial prosperity of a country 
from the amount of sulphuric acid it consumes.* , 

* Ikhig’e letters on Chemistry, 
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The preceding remarks describe how sulphuric acid is made nowadays. The 
early history of sulphuric acid is briefly recounted by Lunge* as follows: 

Gerhard Dornaeus (1570) described its properties accurately; Libavius (1696) 
recognized the identity of the acids from different processes of preparation; 
the same was done by Angelus Sata (1613), who pointed out the fact, which had 
sunk into oblivion since Basilius, that sulphuric acid can be obtained by 
burning sulphur in moist vessels (of course with access of air); after that time 
it was prepared by the apothecaries in this way. An essential improvement, 
viz. the addition of a little saltpetre, was introduced in 1666 by Nicolas le 
Fevre and Nicolas L6mery. ... A quack doctor of the name of Ward first 
carried on sulphuric-acid making on a large scale at Richmond near London, 
probably a Uttle before 1740. Ward employed large glass vessels up to 66 
gallons capacity, which stood in two rows in a sand-bath, and wliich were 
provided witlt horizontally projecting necks; at the bottom they contained a 
little water. In each neck there was an earthenware pot, and on this a small 
red-hot iron dish, into which a mixture of one part saltpetre and eight parts 
of brimstone were put; then the neck of the bottle was closed with a wooden 
plug; on the combustion being finished, fresh air was allowed to enter the 
vessel, and the operation was repeated tiU the acid had become strong enough 
to pay for concentrating in glass retorts. . . . Ward’s process, troublesome 
as it is, reduced the price of the acid from 28. 6d. per ounce (the price of the 
acid from copperas or from burning brimstone under a moist glass jar) to 
2s. per lb. 

Roebuck improved on the Ward process by introducing lead chambers 
which reduced the expense incurred by the use of large glass vessels. Prosser 
(Birmingham Inventors and Inventions) says that he set Up a manufactory at 
Steelhouse Lane, Birmingham, with his partner, Mr. Samuel Garbett, in 
1746, and that the works, afterwards sold to Alston and Sons, continued to 
make the acid till 1825. Lunge tells us that soon after he set up his factory at 
Prestonpans several others were started in England; 

Soon other works followed at Bridgenorth, and at Dowles in Worcestershire 
where the chambers were already made 10 feet square; in 1772 there was a 
factory erected in London with 71 cylindrical lead diambers, each 6 feet 
diameter and 6 feet high. In 1797 there were already six or eight works in 
Glasgow alone. According to the statements given in Mactear’s of the 
Alkali and Bleaching-Powder. Manufacture in the Glasgow District (p. 8), the 
acid at that time cost the Glasgow manufacturers ,£32 per ton, and was sold 
at £64. At Radcliffe, near Manchester, it cost, in 1799, £21 10s, per ton, 
without interest on capital. 

According to Lunge the acid was first sold for the bleaching of linen. 
Since Home did not receive his medal till six years after the factory at 
Prestonpans began production, it seems unlilcely that this was the original 
intention, Before making experiments on the lead-chamber process Roebuck 
had been engaged in work on refining precious metals, and it is possible that 
vitriol was used for dissolving traces of copper in the latter, or for making 

* Since this was written H. W. Dickinson^ the biographer of Boulton, has published 
an account of the early history of sulphuric acid in the Journal of the Newcomen 
Society , " 
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nitric acid from saltpetre to dissolve out lead, We also learn* that Achard, 
a pioneer in the commercialization of beet sugar, used sulphuric acid (171)t!) 
for purification of beet juice. In England, Ward’s product may have been 
waiiuid for the purification of day used in the Potteries. The invention of the 
hydrogen balloon was an incidental consequence of its preparation in large 
quantities. 

In a small way it had been used by apothecaries for making the aperient 
called Glauber’s salt. Cilauber’s salt, or sodium sulphate, was made by 
heating brine (the solid content of which is mainly sodium chloride) with 
vitriol In the reaction which ensues a highly soluble pungent gas (now called 
hydrochloric acid) is evolved. The two products of this reaction were the 
parent substances for two other chemical industries established before die 
century ended. New methods for bleaching linen stimulated industrialists 
to .seek for new expedients, and led to the introduction ot chlorine gas, and 
bleaching powder prepared from it. The former is prepared by heating 
hydrochloric acid witli black manganese dioxide, the latter by passing 
chlorine over dry lime, 'I'he antecedents of this new chemical industry are 
described by Smiles: 

Among Wait’s nunicrouf. scicntitic correspondents was M. IlcrthtjHct, the 
emineiu Erench chemist, wlto communicated to him the process iic kid dis¬ 
covered of Irleacliing by chiorinc. Watt jirocccded to test the value of the dis¬ 
covery by e.'spcrimcnr, after which he recommended his fathcr-in-luw, Mr, 
Maegregor, of Glasgow, to make trial of it on a larger scale. This, however, was 
postponed until Watt himsdf could find time to superintend it in person. At 
the ciul of 17 H 7 we find iiim on ti visit to Glasgow ihx the purpose, and writing 
to Boulton thill he is nuiking ready fur the trial. "I raciin,” he writes, "to try it 
tomoriaw, though I am somewliut afraid to attack so fierce and strong u beast. 
Ilicre is almost no hearing the fumes of it. After all, it does not appear that it 
will prove a cluaip way of bkaching and it weakens the gixid.s more tlian could 
he wished, wliiiiever good it may do in the way of expedition.’’ The experi- 
rnent succeeded, and we find Mr. Muegregor, in the following bebruary, 
"engagea in whitening l/.OO yards of linen by the process.” The discovery, 
not being protected Iry a patent, was immcdiutely made use of by other firms] 
but the offensive ttdiau of the chlorine wa,s found exceedingly objccdonable, 
until it was discuvcied tliat chiorinc could be absorbed by slaked lime, the 
.solution of which possct.scd great bleaching power, and tlua proccs.s in course 
of time super,seded all the old methods of bkadiing by chlorine. 

'fhe commercialization of bleaching powder was successfully accomplished 
by Tenmmt of Glasgow in 17110, Meanwhile Glauber’s salt had been put to 
aiiew use. The ashcii left by incinemting charcoal (mostly potassium carbon¬ 
ate) or m weeds (omstly sodium carbonate) had been used as the chief 
source of alkali in the glass, soap, and wmI industries from time immemotia!. 
In medieval limes the forests of eastern Europe were responsible for a con¬ 
siderable cx|X)it trade of "potashes” for the English wool industry. During the 
revolutionary wars the available supplies liad nin so short in Erance that the 
Aademy was forced to offer a large prize for a suitable method of making 
ilkliii from other sources. I’hc prize was won by Leblanc in 171)1, The 

* Pnvatc wnmiuflladoa from Air. J. L Mackic. 
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Leblanc process for making sodium carbonate consists of three stages, 
hirst sodium chloride is obtained from sea water, of which it forms about 
70 per cent of the solid matter, by evaporation to the stage when the crystals 



of .odium chloride separate out The sodium f ™SdtowS 

sulphuric add. Hydrochloric acid gas escapes, and can be coUeded by 

it L water, Sodium sulphate or Gbuber-a salt rem»us behmd. lu the 
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final stage this is dried and cooked in a fiimacc with coke (carbon). The 
oxygen is thus removed from it. Carbon dioxide escapes, and sodium sul- 
pliide remains behind. The latter is heated with chalk (calcium carbonate) 
giving calcium sulphide, which is insoluble in water, and sodium carbonate 
(washing soda), which is easily removed because of its great solubility. The 
Leblanc process produces hydrochloric acid as a mam by-product and a 
large number of less important products, includiog carbon dioxide which is 
now used for charging soda-water siphons. 

Although tlie Leblanc process which superseded its predecessors was 
undoubtedly more efficient, it did not differ in principle from earlier and less 
extensive commercial undertakings in France and in Britain. About 1780 
tlie Scots chemist Keir, at one time a partner of Boulton, established a factory 
at Tipton for the production of alkali from sea salt. According to his bio¬ 
grapher the first stage was the production of sodium sulphate, as in the 
Leblanc process. CoUison took out an English patent essentially similar to 
the Leblanc recipe in 1782. An eai'lier suggestion of Scheele (1776) to make 
sodium carbonate by heating sea salt with lead oxide and treating the solution 
with fixed air is not known to have been used. 

About this time Boulton’s works sponsored the beginnings of one of the 
most powerful of all the chemical industries in the ensuing century. In 1786 
a continental chemist, Maestrichtc, had shown that coal gas could be used to 
light a lecture room, A Frenchman named Le Loss used it to light his own 
house in Paris in 1786. Between 1792 and 1802 Murdock, a Scots workman 
in the employment of Boulton and Watt, carried out successful experiments 
which led to the installation of an equipment in the engineering works of 
Boulton, Watt and Co., at Soho, Birmingham. Prosser {BimmgJuwi Itwenim) 
says: 

Murdock is entitled to the sole credit of being the first to bring gas-light 
into (he region of practice. Part of the Soho establishment was regularly lighted 
with gas in 1798, On the occasion of the rejoicings at the Peace of Amiens in 
1802 the front of the building was lighted by gas. After that time it spread 
rapidly to other parts of the country. In 1808 he read a paper before the Royal 
Society giving an account of his investigations on the subject, for which he 
received the Rumford Gold Medal. 

Some ten years after the installation of coal gas in Soho commercial 
production of matches fi:om phosphorus began. The preparation of phos¬ 
phorus from excrement had been undertaken during the seventeenth 
century, when Boyle had toyed with the possibility of making matches. In 
the latter half of the eighteenth century Scheele (1771) discovered how to 
make it from bone ash, for which a commercial demand existed in the china 
indust^. Thomas Frye took out a patent for the use of bone ash as an 
ingredient of pottery in the mid-eighteenth century. At the time of Scheele’s 
discovery, “bone china” was being manufactured by Spode of the Stafford¬ 
shire Potteries. When the nineteenth century began, the trained chemist 
had become essential to industry, and the encouragement of chemical 
research to make the fullest use of every by-product was a matter of the 
utmost importance to the new manufacturing class. 
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THE STRUCTURE AND CLASSIFiaTION OF MATERIALS 

Before it is possible to find laws which embody correct rules of conduct 
it is necessary to observe relevant facts with accuracy and classify them intelli¬ 
gently. Although comprehensive principles underlying the manufacture of 
new substances and the discovery of new sources of materials did not emerge 
during tlie century and a half which followed the issue of Glauber’s Pros¬ 
perity of Germany, the accumulative results of the recognition of a third 
realm of matter, including a variety of substances with totally distinct 
characteristics, had provided the only foundation on which a useful body of 
theory could be built. Through the realization that the new gases were not 
various forms of “air,” but individual substances with characteristics as 
distinct and constant as those of pure solids and liquids, a classification of 
substances based on the way in which they are built up, and hence on the 
soinces from which they can be obtained, was gradually replacing that of 
the alchemists. 

Black’s work (1764) on carbon dioxide and that of Cavendish (1766) on 
hydrogen had been followed by a plethora of discoveries. Compounds which 
had been dismissed as fumes and smells were systematically investigated. 
Besides those of the four elementary gases (oxygen, nitrogen, hydrogen, and 
chlorine) the characteristics of about a dozen other gaseous substances had 
been studied by the end of the eighties. Priestley described the properties of 
sulphur dioxide (1770), hydrochloric acid gas, nitrous and nitric oxide (1772), 
ammonia (1774), and sulphuretted hydrogen (1777). Scheele and Priestley 
discovered silicon tetrafluoride in 1776, Scheele,whohadfirst made chlorine in 
1774, also made sulphur trioxide. Carbon monoxide was first studied by de 
Lassone in 1776. Methane and ethylene (two other constituents of the mixture 
that is called coal gas) were respectively investigated by Berthollet (1786) and 
by a group of Dutch chemists. 

By the end of the pighteentb century it was possible to distinguish between 
a group of simple substances or e/emeBri—-solids tike sulphur, carbom (char¬ 
coal), phosphorus, and the metals, gases like oxygen, hydrogen, and nitrogen 
—which combine to form compound substances with equally definite charac¬ 
teristics such as density, solubility, colour, odour, texture, power to conduct 
heat, and so forth. The class called compounds included first and foremost 
the oxides formed by combination with oxygen. One large class of oxides 
were all acidic, i.e. dissolving like the oxides of sulphur, carbon, nitrogen, 
and phosphorus, in water to form “acids.” The definition of an acid retains 
to this day its early association with the dyeing of textiles. Acid solutions were 
recognized by their power to turn the blue litmus dye red. In contradistinction 
another class, the oxides of the metals, are distinguished as basic, being 
capable of combining with acids to form more complex, bodies called salts. 
Some of these basic oxides, like quicklime, unite with water to form more 
complex substances called caustic alkalis containing hydrogen as well as 
oxygen and metal (e.g. slaked lime). Salts, which can also be formed by 
dissolving a metal in a strong acid like nitric acid, sulphuric acid^ ^d 
hydrochloric add, were being dassified according to the add or addic 
oxide from which they were derived. Thus gypsum (caldum sulphate), blue 
vitriol (copper sulphate), green vitriol (iron sulphate), and Epsom salts 
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(magnesium sulphate) are all now recognised as members of the class of 
sulphates (salts formed by dissolving a metal or its oxide in sulphuric acid); 
potashes potassium carbonate), malachite (copper carbonate), and chalk 
(calcium carbonate) as carbonates (salts formed by the union of a meta 
oxide and carbon dioxide); and common salt (sodium cMoride), calomel 
(mercury chloride), and horn sHver (silver chloride) as chlorides. 

Substances of another class were known to be compounds because they 
could be broken down into two or more other distinct substances. Not all 
substances recognized as elements or compounds a century and a half ago 
are regarded as such today. Some substances which we can now bmld up 
from their elements were still believed to be elements. The yellow ps 
chlorine, which is an element given off when manganese dioxide is heated 
with a solution of hydrochloric acid, was then beUeved to be an made. 
Chlorine unites with hydrogen in sunlight to form the colourless hydro¬ 
chloric acid gas. Since it was thought that all acids are fonned from opdes, 
hire carbon dioxide, sulphur dioxide, or phosphorus pentopde, hydrocHoric 
acid was at first supposed to be the oxide of an undiscovered element, and me 
use of manganese dioxide in its preparation seemed to support this conclusion. 
Repeated attempts to break it down eventually discouraged this pher. 

The new method of classification was not merely a question of what 
names we give to substances. It meant far more. Callirig thi'ee substances 
litharge, galena, and sugar of lead, communicates nothing abpt me w^y 
they m built up. When we call them by their new nmes, lead oxide, lep 
sulphide, and lead acetate, we convey new information about die way m 
which they may be obtained, or the use to which they may be put. Vot in¬ 
stance, each is a source of led. Most sulphides can be converted into oxides by 
heating with an oxidizing agent--sometliing that gives up oxygen readily. 
Thus the malodorous gas sulphuretted hydrogen or hydrogen sdphide, 
liberated by strong acids from metallic sulphides like pyrites, wiU bum m 
air to form water (hydrogen oxide) and sulphur dioxide. Most oades of 
metals can be converted into metal by heating them with a “reducing agent, 
such as hydrogen gas, wliich combines with the oxygen to form water vapour, 
or charcoal, which combines with the oxygen to form carbon dioxide. _Mong 
the best oxidizing agentsTor soluble substances are hydrogen peroxide and 
potassium permanganate. Among the best reducing agents are me bubbles 
of hydrogen given off when tin or zinc dust are dissolved m a strong aad 
like hydrochloric acid. Mctalc acetates in general are converted into oxides 
by beat, and made by dissolving a metallic oxide or carbonate in acetic acid, 
which gives vinegar its sour taste. From such general knowledge of me 
characteristics of acetates, oxides, and sulphides, and general knowledge of 
me characteristics of lead compounds, we can condense a mass of us^ 

' information in me statement mat a substance is me acetate, oxide, or sulphide 

*^^Iknce me new label for galena tih us something about how we should 
set about looking for me substance. Metallic sulphides give off sulphuretted 
hydrogen when treated wim a strong mineral acid like hydrochloric. Lead 
salts: are identified by me fact mat nearly aU chlorides are solublem aid 
water, me notable exceptions being lead, silver, and mercury, of which 
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the last two are not soluble in hot water. So if a lead compound is dissolved 
in mtric aci^ all me salts of which (niirates) are soluble, a precipitate which 
redissolves in hot water is formed on adding hydrochloric acid. 

In short, me new memod of classification based on me way min gi; am 
built up is an inventory of man’s resources of materials, known and as yet 
unknown. The discovery of me metal chromium which is now used as an 
ingredient of rustless steel in me middle of me eighteenm century illustrates 
how me new memod helps to discover new kinds of materials, as well as 
directing our attention to new sources of known materials. In me middle of 
me eighteenm century a Siberian mineral (now known to be lead chromate) 
was found to be me representative of a class of salts which did not corre¬ 
spond to mose formed from me oxides of any known element. Subsquent 
search led to me discovery of a new metallic element. 

At me end of me eighteenm century me four elements of Aristotle had 
been replaced by about fifteen. Today we recognize about ninety. More man 
half of mose known at me time of Lavoisier had been objects of use for 
several millennia. Those known to ,me ancients in a comparatively pure form 
included carbon, sulphur, and the metals gold, silver, iron, copper, tin, 
lead, antimony, mercury, and zinc. During me seventeenm and eighteenm 
centuries me list of solid elements was extended by me addition of phosphorus 
and several new metals, notably platinum, chromium, arsenic, and manganese. 
Three gaseous elements, oxygen, nitrogen, and hydrogen, which were dis¬ 
covered in me eighteenm century, had not been previously known as separate 
substances. Chlorine had been isolated, mough not as yet known to be an 
element. 

The list of dements men known exduded many names which are familiar 
to any civilized person today. The commonest metallic dements were only 
known in meir compounds. Sodium, whose chloride is me chief solid con¬ 
stituent of me sea—common salt; potassium, whose nitrate is me essential 
constituent of gunpowder; caldum, whose carbonate (chalk) forms me cliffs 
of our shores, and whose oxide (Time) had been used from time immemorial 
for curing leamer and making cement, were not known in me pure state. 
Boron, whose compounds were already used in medicine, kd not been 
separated. Beryllium, a metal like magnesium, forming three crystalline 
salts which are me familiar jewels beryl, aquamarine, and emerdd, was 
not known. 

To this list of common dements, unknown in Lavoisier’s time, we must 
also add me two dements aluminium and silicon. Wim oxygen mey form me 
overwhelming bulk of me superfidal layers of me earth’s crust. Aluminium,. 
a metal, is now used in paint, kitchen utensils, piston heads, md aeroplane 
engines. Its oxide, tinted wim various impurities, is me main constimmt 
of me gems sapphire, ruby, and arnemyst. In combination wim silica 

(dimiinium siHcatc) it is me cHef constituent of common cky. It is ubiquim 

and vastly more abundant man any omer metal to a depm of half a mile 
of me earth’s crust; and even to a depm of 26 miles approaching me iron 
core of me earth it is at least seven times as abundant as irom Silicon is not 
a metal, Its oxide (silica) rock crystal or quartz. Sand is maiidy silica 
wim various impurities. Glass, which was originally made by heating sand 
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third wripliing when tlie tube has cooled now shows an increase in weight, 
ll we cal! the weight ni the tube and glass wool before adding magnesium n, 
the glass wool and tube with niagnesium h, and the same after ignition c, the 
weigh? lit niiip.nesiusn is (li- - «), the weight of magnesium oxide formed is 
k - fd, and the weight of oxygen with which {b ■"- a) grams of magnesium 

conihirics is k a) {h - ii) ; (c i~. h). Providing the magnesium is as 

pure as wc urn get it, the ratio of (ba) magnesium to (c - b) oxygen is 
iilway;* the same. 

How wc might determine tlie proportion by weight of silver and chlorine 
ill silver chiiuidc proviiles u second illustration of what chemists caE §ram-' 
mkiv imMyaU. A clean tlry centrifuge lube is weighed. A small quantity of 
pure silver is placed in it, and it is weighed again to get the amount of silver 
ib ~ k. A solution of inoilcrately strong nitric acid is added to dissolve 
tlse silver, inom the sohuion of silver nitrate so formed the insoluble chloride 


1 


l lO. cNe.-(;)iAVlMt.ll'I« ANM.V.SIS OF MAGNUSIIJM OXIDH 

A prcitpitaicd, if a strong solution of pure sodium chloride is added. This 
white powder (which darkens in sunlight) Is thrown to the bottom of the tube 
Ml 4 hard cake, after rotation in a high-speed centrifuge. The fluid can now 
hr j^sHirtd otf, the tube with the cake of silver chloride rinsed with pmc 
water and pkeed in a warm oven till it is dry, i.e. when repeated weighing 
gwn cmntaiit results, 'fbe difference between the final weighing (c) of the 
tuk plus silver chloride and tiic second weighing^(ft) of the tube plus silver 
ts the woght of chlorine which unites with the weight {f» ™ a) of sflver. 

In both thc« examples the irksome necessity of weighing a gas is avoided 
by using to law of (iiaveration (p. 393) w get to tmk mdiredy. In aU 
mmintx one or other of the constituents is obtained by inference. One us^ 
method of analysis avoiA? repeated weighing and drying by raeasurmg 
voluma of »l«toni of known strength. Standard solutions for volumetnc 
analysis are msdc in large quanto by weigtog 
mmt of 8 reagent ind dissolving tt m a “volumemc flask ^ig. 2o3). 
*1ii* b<w « mark corresponding to the level of water winch eMctly occupies 
a statrf v^ume, e.g. 1»0(X) cubic centimetres (1 litte) at a stated temperaM^ 
m tot we wish to know in what proportioas by weight sodium 
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and chlorine unite to form sodium chloride (common salt), and that we atody 
Uw how much silver chloride is formed from a given qua^ty of silver 
nitrate We have to start with a solution of silver mtrate formed by tolvmg 
Sadly rgrams in a litre, so that 1 c.c. of lie solution ffl^ns 0-001* giaira. 
If V Jams of silver chloride are formed from x grams of silver nitrate, 1 c.c. of 
the solution is equivalent to 0- OOly grams of silver chloride, and ify grams of 
silv J cliloride contains s grams of chlorine, 1 c.c. of tlie solution is capable of 



One Hire volumetric flask (A), 20 c.c. pipette (B), and burette (C), used m . 
volumetric analysis. 

towing dovmO-OOkgtams of cUome as stecUoii*^^^ 

nimte is«common laboratory teagmt for estnnatingclilondes,» 

i„lntionofitisn«nykeptinalabotatoty.Tofind*epio^^^^^ 

and chloiine in a solndon of sodium cUoiide without going to th' 
of ptepaiing and keeping the metal pure, we might nmke up a swfad 
soteion of »dinm chloride by “*8 " 

litre, so that 1 c.c. of the solution contamed S»t«. We npwtm^ 
out a feed quantity, e.g. 10 c.c., of this into a 

LrS ractly at the mmk by applying a %et to the o^ce, ^ 
drop into ±is vessel the standard solution of silver mtrate from a graduated 
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tube (burette) with a tap which can be turned off when all the sodium chloride 
has been used up to form insoluble silver chloride, The graduation marks 
of the burette teU us how much standard silver mtrate has been run in, when 
this point is reached. 

To gauge the end of the reaction exactly a few drops of potassium 
chromate are added to the solution of sodium chloride. A drop of silver 
solution in a solution of potassium chromate produces a bridk red colour, 
which may, therefore, be used to detect when silver mtrate is present. As long 
as there is any sodium chloride in the solution the silver nitrate is wnferted 
into silver chloride. When it is all used up a further drop of silver nitrate 
will reveal its presence in the solution by the appearance of the brid-red 
colour. If the quantity of sodium chloride taken is 10 c.c. the weight of 
sodium chloride is O-Olw grams. If 8-5 c.c. of standard silver mtrate solution 
are run in before the brick-red colour appears, 8‘5 x O-OOU grams of 
chlorine have been thrown out of the solution, So 0-01« grams of sodium 
chloride contain 8T)X0‘001a grams of chlorine and 0-0I«--(8'5 X O'OOlr) 
grams of sodium. 


THINGS TO MEMORIZE 

Charles’ Law. ® = ^' T, where V is the volume at 0" C. and T is the 
absolute temperature. 


EXAMPLES ON CHAPTER VIII 

1. A closed glass graduated cylinder of 10 sq. cm. sectional area, containing 
a mixture at atmospheric pressure of ammonia and air in equal parts by volunoc, 
stands in a dish of mercury with the top 25 cm. above the level of the latter. 
A few drops of fairly strong nitric acid are introduced by a bent tube into the 
cylinder till all the ammonia has been absorbed. To what level wiH the mercuiy 

If two parts of hydrogen combine with one part of oxygen by volume to 
form water vapour, how high will the mercury rise when an electric spark is 
passed through a mixture of 200 c.c. of hydrogen and 50 c.c. of oxygen at 
atmospheric pressure in a glass cylinder of 10 sq. cm, sectional areaMf the 
fluid were water (13 times less dense than mercury) how high would it rise? 

3. A quantity of oxygen in a cylinder inverted over water measures 200 c,c. at 
20° C. and 740 mm. pressure. What is the volume of the oxygen dry and when 

measured at 0° and 76 cm. pressure? 

4 A vessel of 2,000 litres capacity holds a quantity of gas at 0° C, and 
74o'mm. pressure. If the temperature rises to 24° C., what does the pressure 

6. If at 0° C. and 76 cm. pressure a litre of air weighs 1-293 gm., what will 
be the temperature at which a litre of air at 74 cm. pressure weighs 1 gm.? 

6 The temperature and pressure of the air at the top of a mine are 10 C. 
and 30 inches of mercury respectively, at the bottom of the mine are 14° C. 
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and 30 • 6 inches. Compare the density of the air at the bottom with that of the 

A globe of diameter 8 inches has 10 cub. ft. of dry air at 32® F. ^d at 28 
inches pressure pumped into it. What is the pressure when the globe is heated 
to 200®F.? 0®C. = 32®F.,100“C. = 212“F. 

8. Pure sulphuric acid of density 1 * 84 gm. per c.c. is diluted with water untd 
its final volume is one hundred times as great. Then 6 c.c. are measured m 
a drop of bromthymol blue gives it a bright yeUow tint. From a stock solunon 
caustfc soda is added drop by drop tiU the mature ^ 

blue. The burette shows that 7*6 c.c. have been used up. If 10 c.c. of awte 
solution of sulphuric add requires 9 c.c. of the same stock solution o ncutrahze 
it, how many grams of pure sulphuric add per litre does it con^ ? 

9 What volume would 100 c.c. of oxygen measured at 0 and 766 nun. 
piLToraro if th. .mpeffw w® »«> » 20" C. and the pK.,™ 

'"’iTinz™ !Toitj*ca at 76 cm. ptesrare and 0" C. occupy 22 Utns, how 
much oxvem would occupy 20 Utres at 100® C. and 80 cm. pressure? 

11. To compare the densities of gases the weight of 1 Htre is 

from observed to for the smdard temperature of 0 C. and pressure 
of 760 mm. (called briefly S.TJ?.). Tabulate the densities of the foUowmg gases 
and their relative densities to the nearest half mteger, taking hydrogen (- 1) 
as the standard, from the following to. 


Gas 

Oxygen 


Weight 

(g.) 

Volume 

(c.c.) 

Temperature 

Pressure 

(mm.) 

3*4234 

2,600 

10® 

766 

2*1606 

8,000 

15° 

749 

1-7529 

1,600 

20“ 

762 

7*7446 

2,600 

10® 

768 

0*1027 

1,200 

18® 

763 


Nitrogen 
Chlorine 
Hydrogen 

12 A graduated glass vessel inverted over sulphuric acid to absorb water 
vapoiir contains 600 c.c. of hydrogen at atmospheric pressine. ^ “ 
oCTgen are admitted and an electric spark is mtroduced by iMulated wires. 

tlie vessel is depressed till the level of fluid is the same inside 
the volume of gas contracts to 300 c.c. Again 100 c.c. 

The volume now contracts to 100 c.c. when the ma^e is 
same procedure is repeated the total volume is reduced to 60 c.c. A tou^ 
repetition results in no contraction after sparking. From this deduce the relative 
proportions in which hydrogen combines with oxygen to to® wat“. it me 
demities of hydrogen and oxygen at S.T.P. are 0-0899 and 1-429 gm. per Utre 
respectively, find the combining ratio of hydrogen and oxygen by wcignt. 

13 Using the conclusion established in the preceding experiment, deduce 
the proportion of oxygen in atmospheric “it 

experiment in which all the water vapour formed is absorbed as before witti 
sulphuric acid; 


Hydrogen 

(C.C.) 


Air 

(C.C.) 


Total Volume after 
Sparking 
700 


600 


1,600 

2,000 


1,260 

1,760 
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14. 1*968 gm. of sulphur bums in air with the production of 1,500 c.c. of 
sulphur dioxide when the atmospheric pressure is 740 mm. and the tempera¬ 
ture at which tlie gas is collected is 20° C. If the density of sulphur dioxide at 
S.T.P. is 2 • 877 gm. per htre, find the combining ratios of oxygen and sulphur 
by weight. 

16. If 1*606 gm. of carbon burn in air with the production of 3,500 c.c. of 
carbon dioxide (density 1*978 gm. per htre at S.T.P.) collected at 0*9 atmos. 
pressure and 16° C., find the combining ratios of oxygen and carbon by weight. 

16. If 1 gm. of hydrogen at 0° C. and 76 cm. pressure on the mercury 
barometer occupies 11*2 htres, find the weight of 1 litre at 20° C. and 75 cm. 
pressure. 

17. If 16 gm. of oxygen at 0° C. and 76 cm. pressure occupies 11*2 htres, 
find the density of oxygen at 26° C. and 765 mm. pressure referred to hydrogen 
at S.T.P. as standard, 














CHAPTER IX 


THE ATOMS OF DEMOCRITUS 
Intimations oj the Age of Plenty 

It is an error to draw a sharp distinction between the debt which science 
owes to the contributions of specially gifted individuals on the one'hand 
and to social demand on the other. The social background of science includes 
the material use of the fruits of scientific knowledp, the material environ¬ 
ment which directs individual interest to specific problems, the social 
tradition which checks or stimulates enquiry in one direction or another, 
and the way in which society makes use of its own personnel. The exhaustion 
of former fuel supplies and the substitution of new ones towards the latter 
end of the eighteenth century culminated in the foundation of new chemical 
industries for the manufactme of sulphuric acid, bleaching powder, coal 
gas, beet sugar, synthetic aMis, and phosphorus matches. Chemistry was 
in Hpmand . New benefactions and endowments provided it with new 
problems and new resoui'ces. Consequently it could now command the ser¬ 
vices of a greater number of gifted individuals and select them from a more 
ample reservoir of talent. 

The experimental chemist of the eighteenth century was, generally speak¬ 
ing, a man of means. Boyle, Cavendish and Lavoisier belonged to the pros¬ 
perous classes. The great figures of the nineteenth century like Davy and 
Faraday did not. The new demand for talent was too great to be supplied 
by the social personnel from which the great chemists in the old tradition 
had been recruited. When we have acknowledged to the full the debt which 
chemistry owes to men like Davy or Faraday, we are forced to recognize 
that a decisive aspect of the rapid progress with which their names are 
associated was expansion of educational opportunities. As far as we can be 
certain of anything about individual human lives we can be tolerably , sure 
that the great Faraday, a bookbinder’s errand boy, would never have been 
a chemist if he had lived a century before the Royal Institution was founded. 

The new social demand for chemical knowledge in the decade which imme¬ 
diately preceded the great theoretical advances of the nineteenth century 
is well illustrated by a remark in one of Boulton’s letters. Referring to ,his 
son, he says: “Matt is a tolerable good chemist. ... I shall be glad when 
the time arrives for him to assist me in the business.” A good account of the 
circumstances which led to the foundation of the Royal Institution is given 
in J. G. Crowther’s illuminating essay on Davy. Equally notable among ^e 
new organs of education adapted to the cultur^ needs of the manufacturing 
class in England was Owens College at Manchester. Just as Birmingham, 
the centre of the new machine industry which created a new demand for 
rhetaUurgical knowledge, was also the focus of an important school of chemical 
discovery in the latter part of the eighteenth century, Manchester, then 
rising to prominence as a centre of the textile industry, was the home of 
an active school of chemical research in the opening years of the nineteenth, 
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Priestley himself had been a mtor at the Warrington Academy, which was 
founded in the latter half of the eighteenth century to provide instruction 
for the sons of prosperous industrialists and business men with dissenting 
views. Chiefly from among the pupils of the Warrington Academy came the 
group of men who started the Manchester Philosophical and Literarj^ 
Society with much the same character as the Lunar Society of Birmingham. 
Its corresponding members included Benjamin Franklin, Erasmus Darwin, 
and Josiah Wedgwood. Thomas Henry, who was one of the original members, 
was an active chemist, his son, a later member, being better known as such. 
In an address to an early meeting (1781) Henry {pte) emphasized die pre¬ 
eminence of chemical science in connexion with the nee(k of Manchester 
industrialism: 

Nor is the utility of chemistty more confined, or less connected witli manu¬ 
factures dian mechanics. Indeed chemistry may be, not improperly, called 
the corner-stone of the arts. ... To show the advantages arising from this 
science in all the arts through which they might be traced, would carry me 
far beyond the limits of my present design. It may be sufficient to point out 
the connection which subsists between chemistry and those manufactures 
which are the pride and glory of diis respectable commercial town. Bleaching 
is a chemical operation. The end of it is to abstract the oily and phlogistic 
parts from the yarn or clotli, whereby it is rendered more fit for acquiring 
a greater degree of whiteness, and absorbing the particles of any colouring 
materials to which it may be exposed. The materials for this process are also 
the creatures of chemistry, and some degree of chemical knowledge is requisite 
to enable the operator to judge of their goodness. Quicklime is prepared by a 
chemical process. Potash is a product of the same art, to wiiich also vitriolic 
and all the acids owe tlieir existence. The manufacture of soap is also a branch 
of this science. All the operations of the whitster, the steeping, washing, and 
boiling in alkaline lixiviums, exposing to the sun’s light, scouring, rubbing 
and blueing, are chemical operations, or founded on chemical principles. 

James Watt, junior, representing his father’s interests in Manchester, 
became the Secretary of the Society in 1790. Among the original members 
were several who, like Priestley, showed an active sympathy with the French 
Jacobins. Walker and Jackson, the secretary and president, promoted a 
correspondence with the Qub of the Jacobins. James Watt and Cooper, 
another member, were delegated to present an address to the Society of the 
Friends of the Constitution at Paris in 1792. In his R^ctions^ Burke alludes 

to this event obliquely with characteristic violence. 

The most important figures associated with the early history of the society 
were WilHam Henry and John Dalton. The name of Henry, who published 
a system of chemistry which had passed through eleven editions by 1809, is 
associated with the rule governing the relation of the pressure to the plu- 
bility of a gas, Henry’s law states that the mass of gas dissolved in a liquid 
at fixed temperature is directly proportional to the external pressure of the 
gas If the gas in contact with the fluid is a mixture each constituent exerascs 
its own “partial” pressure (Fig. 282). For instance, water in contact with 
air at a pressure of five atmospheres dissolves the same mass of oxypn as 
water in contact with pure oxygen at atmospheric pressure, since air is a 
mixture of four-fifths nitrogen and one-fifth oxygen by volume. 
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appreciably by lime. So it can be easily separated from unchanged carbon 
dioxide to compare its weight with that of the carbon which is used up in the 
process. Carbon monoxide has the peculiarity of expelling oxygen from 
combination with tlie red pigment (haemoglobin) of our blood, making it 
useless as an oxygen carrier to the tissues. On this account it is highly 
poisonous, and its presence in coal gas makes the latter dangerous in quantities ; 
too small of themselves to produce mere suffocation. It is thus quite distinct 
from carbon dioxide in its properties; and the proportion of carbon and oxygen 
contained in it is easily found by comparhig the weight of carbon dioxide 
used up with the weight of carbon required to convert a fixed amount of it 
into carbon monoxide. One way of doing this is to heat a known weight of 
carbon dioxide in a closed tube with a known weight of carbon. At the end of 
the experiment the gas is blown into lime. The amount of challt produced 
tells us how much carbon dioxide is left (see p. 417), and therefore how much 
has disappeared. The final weight of the carbon tells us how much carbon has 
disappeared in combining with the carbon dioxide which has also disappeared. 
A simpler method is to burn a known weight of carbon monoxide in air. The 
only new substance produced is carbon dioxide, the weight of which can be 
got by absorbing it with lime water (or other alkali), The difference between 
the weight of carbon dioxide formed and the weight of carbon monoxide 
tells us how much more oxygen a given weight of carbon dioxide contains. 
We thus find that 11 grams of carbon dioxide contain 3 of carbon, while 7 
grams of carbon monoxide contain 3 of carbon. Thus 3 grams of carbon are 
combined with 8 grams of oxygen in carbon dioxide and with 4 grams of 
oxygen in carbon monoxide. For an equal quantity of carbon in each there is 

twice as much oxygen in carbon dioxide as in carbon monoxide. 

Nitrogen forms several different compounds with oxygen in different pro¬ 
portions. One of these which comes off when ammonium nitrate is heated 
was called by Priestley “lauglung gas,” and is now a familiar dental anaes- 
thetic. Its composition was discovered by Davy, It is quite colourless and has 
the peculiarity of supporting combustion, lil?e oxygen itself: i.e. things which: 
burn easily in air will also bum in laughing gas. Another oxide of nitrogen: 
(nitric oxide) is formed when dilute nitric acid is poured on to copper. It also | 
is colourless, but produces brown fumes when mixed with air, is poisonous,; 
and does not support combustion. The oxides of nitrogen are decomposed i 
when passed over red-hot copper, which talres up the oxygen contained m | 
the gas with formation of copper oxide and nitrogen. By weighing the quanti¬ 
ties of nitrogen and copper oxide formed we can ascertain the proportions 
of oxygen and nitrogen in the oxide. In 11 grams of nitrous oxide or laugliing 
gas there are 4 grams of oxygen. Hence 7 gr^s of nitrogen are combined 
with 4 grams of oxygen. In 15 grams of nitric oxide there are 8 grams of 
oxygen. Hence 7 grams of nitrogen are combined witli 8 grams. Thus the 
amount of oxygen combined with 7 grams of nitrogen in nitric oxide is twice 
as great as in nitrous oxide. 

The significance of this rule is easy to visualize, when we pi^e pure^ 
substances as if they were made up of discrete particles, each wim a definitej 
weight characteristic of the substance itself. The simple ratios that we find| 
when we compare the pmportihBi of different ingredients which make up 
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ratio 16:12 (or 4:3), one particle of each being present in a particle of 
carbon monotdde and two particles of oxygen combined with one of carbon 
in carbon dioxide. 

A clearer picture of the structure of compounds is got by studying the 
way in which gases combine by volume. The law of combination by volume 
is that when gases combine to form other gases the volume of each of the 
products is a simple fraction or multiple of the volumes which react to produce 
them. This rule, discovered by Gay-Lussac in 1808, is only true if aU the 
volumes are measured at the same temperature and pressure or so calculated 
by nsitig the gas laws of Boyle and Charles. If we mix 100 c.c. of hydrogen 
with 160 c.c. of chlorine in sunlight, the two gases combine to form hydro¬ 
chloric acid gas. The total volume of gas after combination is 250 c.c. On 


(^rhti iiomk Csrhan mncixid& 



Fig. 254 


Atomic models to illustrate same percentage composition by Weight. 

removing the hydrochloric acid gas (which is much more soluble than pure 
chlorine) the volume shrinks to 60 c.c. This remainder is pure chlorine. Thus 
100 c.c, of hydrogen have combined with 100 c.c. of chlorine to produce 
200 c.c. of hydrochloric acid gas. If an electric spark is passed through a 
mixture of hydrogen and oxygen at a temperature above the boiling point 
of water, water vapour (steam) is produced. If 100 c.c. of hydrogen are 
mixed with 100 c.c. of oxygen the final volume of gas is 150 c.c. If the water 
vapour is absorbed by some “dehydrating agent” 60 c.c. of gas (oxygen) are 
left. Thus 100 c.c, of hydrogen combine with 60 c.c. of oxygen to make 
100 c.c. of steam. 

The meaning of this simple relation was at first puzzling, because it was 
taken for granted that the individual particles of each element present in the 
particles of a compound were quite separate in an element. This is not in¬ 
trinsically lilrely for a simple reason. Wkn we say that charcoal and diamond 
are different forms of the element carbon, we mean that both burn in air 
to form, weight for weight, the same quantity of the same substance, carbon 
dioxide, and nothing else. Both charcoal and diamond (also soot and the 
graphite of our pencils) are therefore built up of the same elementary par- 
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ticks. The fact remains that they are not identical. An elementary gas can also 
exist in two forms. When electric sparks are passed through oxygen, its volume 
shrinks somewhat. It becomes more dense. If the denser mixture is shaken 
with turpentine, it shrinks further, and what is left has the same density as 
ordinaty oxygen. The original volume of oxygen present before spariung and 
extraction with turpentine combines with more carbon, and with more 
magnesium, than does the residual gas which has the same density as ordinary 
oxygen. Sparked oxygen is thus a mixture of two things, ordinary oxygen and 
turpentine-soluble oxygen, which is called owie. If the ozone is expelled 
from turpentine, it combines with magnesium or with carbon to form the 
ordinary oxides ot these elements. Thus oxygen and ozone are made up 
of the same elementary particles. If the atomic view is correct there is only 
one way in which they can differ. The particles of an element must be com¬ 
pounds of several elementary particles lilte those of a compound. 

The particles of a compound are built up of elementary particles which 
are not aU alike. Likewise the particles of an element are bmlt of smaller 
particles which are all the same. Since the number (and arrangement) of these 
smaller particles may conceivably be different, we need not be surprised if 
we meet a chemical element in more tlian one disguise. Once we have drawn 
a distinction between complex particles or molecules and elementary particles 
or atoms into wliich molecules break up during a chemical reaction to com¬ 
bine in some new way, the law of combination by volmne fits into the atomic 
scheme. According to our hypothesis the weigk of a molecule of a given 
kind is fixed. The volume occupied by a given weight of gas therefore depends 
on the number of molecules of which it is composed. If there is a simple 
relation between the volumes of combining gases, there must therefore be a 
simple relation between the number of molecules in the same volume of 
different gases. A relation which fits all the facts is the most straightforward 
one, first put forward by Avogadio in 1811. Avogadro’s explanation was 
that equal volumes of all gms measured at the same temperature and pressure 
contain the same number of molecules. Its acceptability does not depend upon 
being the only conceivable interpretation of the observed facts about tlie 
combination of gases. We accept it for two reasons j one is tliat after long trial, 
during which many chemists remained judiciously sceptical, it has been 
found to weld all the knom facts of clmnkal comhination into a v&y simple 
scheme. The usefulness of tWs scheme will appear when we see how it is 
applied. Another reason for accepting it depends on the physical properties 
of gases. Tliis will be explained later (p. 479). 

According to Avogadro’s hypothesis, equal volumes of hydrogen, oxygen, 
and water vapour, at the same temperature, have the same number (x) of 
molecules. Hence if 100 c.c. of steam is made up of 100 c.c. of hydrogen and 
60 c.c. of oxygen, » molecules of oxygen combine with 2a: molecules of 
hydrogen to make 2x molecules of steam. So 2 molecules of steam must be 
made from the reaction of two molecules of hydrogen with one molecule of 
oxygen. This means that one molecule of oxygen goes to the making of two 
molecules of steam, each containing at least one atom of oxygen. One mole¬ 
cule of oxygen must therefore contain at least two atoms. Again, since 100 c.c. 
of hydrogen and 100 c.c. of chlorine combine to 200 c.e. of hydrochloric 
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add gas, one molecule of hydrogen and one molecule of chlorine react to 
form two molecules of hydrochloric acid gas. Hence a molecule of hydrogen 
or of chlorine must contain two (or some other even number of) atoms. Oxygen 
is sixteen times as dense as hydrogen, and steam is nine times as dense. If we 
take the simplest view, which is only justified by the fact that it works, a 
molecule of hydrogen consists of two atoms. So if a molecule of steam is nine 
times as heavy as a molecule of hydrogen it is eighteen times as heavy as an 
atom of hydrogen. This ratio, the weight of a molecule compared with the 
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Atomic'models to illiistrate Law of Combination of Gases by Volume. 


wdght of an atom of hydrogen, is caEed the molecular weight of the substance. 
So the molecular weight of steam is said to be 18. 

The relation between molecular weight and relative density, when hydrogen 
is the standard, can also be stated in a symbolic form which will be useful 
later. If a single molecule of a gaseous compound weighs M times as much as a 
hydrogen atom, M is called its molecular weight. As a working hypothesis we 
assume diat hydrogen has two atoms in each of its molecules. So, if an atom of 
hydrogen weighs m grams, a molecule of hydrogen weighs 2m grams, and a 
molecule of the gaseous compound weighs Mm grams. According to Avogadro 
1 litre of hydrogen contains the same number (x) of molecules as 1 litre of 
the gaseous compound at the same temperature and pressure. So the weight 
(w) of ] litre of hydrogen is 2tnx, i.e. rax = Iw, and the weight (W) of 1 
litre of the gaseous compound is Mmx. Hence W - JMw, that is to say 



T 
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M = 2 (W -r w). The ratio W -r w is the relative density of the gaseous 
compound when the standard is hydrogen. It is usually called its vapour 
density. The molecular weight of a gaseous compound is tiius the same as 
mice its vapour density. The vapour density of marsh gas or methane is 8. 
So its molecular weight is sixteen. 

Similarly the molecular weight of oxygen is 32. Taking once more the 
simplest view, we may say that the weight of an atom of oxygen is 16 times the 
weight of an atom of hydrogen. This number is called the atomic weight of 
oxygen. Chlorine is 36-6 times as dense as hydrogen. So its molecular weight 
is 70, and if its molecule contains 2 atoms, its atomic weight is 36 • 6. 

In the last paragraph we assumed that the molecule of oxygen and the 
molecule of cUorine are both built up of two atoms. All we Imow is that if 
the atomic view is correct each must be built up of some even number of 
atoms. The only initial assumption we really need to make is that the hydrogen 
atom is diatomic. The molecular weight of any gaseous compound is then 
twice the ratio of its density to that of hydrogen. The weight of the molecule 
of a substance of molecular weight W is the weight of W atoms of hydrogen. 
Likewise the weight of an atom of an element whose atomic weight is A 
is the weight of A atoms of hydrogen. So if there are x atoms of this element 
in a compound of molecular weight W, it contributes a weight equivalent 
to xk atoms of hydrogen to the total weight corresponding to W atoms of 
hydrogen. That is to say, the proportion (p) by weight in every molecule 
is xk “ W, whence pW = xk. The smallest number (x) of atoms of an 
element which could occur in the molecule of any of its compounds is 1, in 
which case pW = A. This means that the atomic weight is the smallest value 
of the product of the molecular weight and the proportion of an element 
in tlie same compound. So we can check the provisional value of 16 assigned 
to oxygen by an independent method, which involves making a table like 
the following, in which the proportions of oxygen are determined by analysis : 


Oxide 

Density compared 
with Hydrogen 

Molecular 
Weight W 

Proportion of 
Oxygon by 
Weight/- 

Weight of 
Oxygen in 
one Mol xk 
(=^W) 

Carbon monoxide .. 

14 

28 

1 

16 

Carbon dioxide 

22 

44 

R 

U 

32 

Sulphur dioxide 

32 

64 

i 

32 

Water 

9 

18 

1 

16 

Nitrous oxide 

22 

44 

:A- 

16 

Nitric acid .. .. 

31*6 

63 

M' 

48 

Sulphuric acid 

49 

98 

fl 

64 


We always find that if W is the molecular weight of any one of the thousands 
of oxygen compounds known, the number of grams of oxygen in W grams 
is either 16 or some multiple of 16 (i.e, x times 16), never less. We therefore 
conclude that A = 16. Thus if the molecule of hyi:ogen contains two atoms, 

■ , ,• 
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the atom of oxygen weighs 16 times as much as the hydrogen atom. This 
method can be used for finding the atomic weight of any element. 

To malte sure that this is clear we may retrace our steps, using the symbolism 
already applied to the relation between molecular weight and vapour density. 

, If a single atom of an element weighs A times as much as an atom of hydrogen, 
A is called its atomic weight. So if one hydrogen atom weighs m grams, one 
atom of the element weighs Aw grams. If there are n atoms of the element in 
one of its compounds, the total weight of the element in one molecule of the 
same compound is Aw«, and if the molecular weight of the compound is M, the 
massof a single molecule is Mw. Hence tlie proportion (p) bymass of the element 
in a single molecule of its compound is Min -i- Mm, and p M = n A. If all the 
molecules of a gaseous compound are alike, the mass proportion of an element 
in one molecule of its compound is the same as the mass proportion of the 
element in any quantity which can be measured and analysed. If we take M 
grams (called one mol) of the compoimd, the mass of the element present in it 
must be pM, which is nA. So «A is tire number ofirams of the element in one mol 
of me of. its compounds. Among the compounds of an element some will have 
molecules with 1, some witli 2, some witli 3, and some with more, atoms of tlie 
element. The smallest value of n is therefore 1. If one molecule of a compound 
contains one atom of an element whose atomic weight is A, one mol of the 
compound will contain A grams of tire element. Unless the element never forms 
compounds in wliich only one atom of it is present in each molecule, A is tlie 
least number of grams of ihe element contained in one mol of any of its compounds. 
Even if none of the Imown compounds of an element is made up of molecules 
wliich only contain one of its atoms, the correct atomic weight can usually be 
inferred. Suppose tlie only known oxygen compounds were sulphuric acid, 
nitric acid, and carbon dioxide. We should then get the following values for 
kA: 64,48, and 32. Since 48 is one and a half times .32, we cannot give oxygen 
an atomic weight of 32, If we did, we should have to make n == m nitric 
oxide. Since we have constructed our molecular model on the assumption that 
it must contain a whole number of atoms, the atomic weight of oxygen cannot be 
greater than 16. 

We are now in a position to make a more definite picture of how a molecule 
is built up. We may illustrate this by a rhpe which you may have heard: 

Alas poor James is dead.. 

We see his face no more, 

For what he diought was HaO 

WasHaSO*. 

The molecular weight of water vapour is 18. The atomic weight of hydrogen 
which is taken as our standard is 1. That of oxygen is 16. So the molecule 
of water is built up of two atoms of hydrogen and one of oxygen. This fits 
the facts of combination by weight and volmne. By weight 9 grams of steam 
contain S of oxygen and 1 of hydrogen. By volume 2 of hydrogen umte with 
one of oxj'gen to make one of steam. The density of sdphuric acid which is 
the substance referred to in the last line of the quatrain is 49 times as great 
as that of hydrogen. Its molecular weight is therefore taken to be 98. It only 
contains the elements hydrogen, sulphur, and oxygen. Hence we may say 
that if a molecule of sulphuric acid is built up from,» molecules of hydrogen, 
»i molecules of sulphur and I mokailes of oxygen: 
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(fl) n times the atomic weight of hydrogen = number of grams of 
hydrogen in 98 grams of sulphuric acid. 

(&) m times the atomic weight of sulphur = number of grams of sulphur 
in 98 grams of sulphuric acid. 

(c) I times the atomic weight of oxygen = number of grams of oxygen 
in 98 grams of sulphuric acid. 


Analysis shows that the hydrogen content is approximately 2 per cent or 
2 grams in every 98 grams. Since n times the atomic weight of hydrogen 
is 2, and the atomic weight of hydrogen is 1, n itself is 2. The sulphur content 
is 32-7 per cent or 32 grams in every 98 grams. Since the atomic weight of 
sulphur is 32, m times 32 is 32, whence m - 1. The oxygen content is 65-3 
per cent or 64 grams in every 98. Since the atomic weight of oxygen is 16, 
/ times 16 is 64, i.e. I = 4. Thus tlie molecule of sulphuric acid is said to be 
made up of 2 atoms of hydrogen, one of sulphur and 4 of oxygen. This is 
briefly indicated by the formula H^SO^. 

In such formulae some of the commoner elements are represented by the 
initial letters of the English names, and others, to avoid duplication, by 
Latin or Arabic names. Thus carbon dioxide is CO 2 , carbon monoxide CO, 
nitrous oxide NgO. Sodium is represented by tlie symbol Na (short for 
Natrium) and Potassimn by the symbol K (short for K^um from kali ashes), 
caustic soda (sodium hydroxide) and caustic potash (potassium hydroxide) 
being NaOH and KOH respectively. Here is a table of the atomic weights 
of the elements already mentioned and of a few additional ones*: 


Hydrogen 

H 

1*01 

Helium 

He 

4 

Lithium 

Li 

6-94 

Beryllium 

Be 

9-02 

Boron 

B 

10-8 

Carbon 

C 

12 

Nitrogen 

N 

14 

Oxygen 

0 

16 

Fluorine 

F 

19 

Neon 

Ne 

20-2 

Sodium 

Na 

>23 

Magnesium 

Mg 

24-3 

Aluminium 

A1 

27 

Silicon 

Si 

28*1 

Phosphorus 

P 

31 

Sulphur 

S 

32 •! 

Chlorine 

Gl 

36-5 

Potassium 

K' 

39-1 

Argon 

A 

39-9 

Calcium 

Ca 

40-1 

Chromium 

Cr 

52 

Manganese 

Mil 

54-9 


Iron 

Fe 

55-8 

Nickel 

Ni 

58'7 

Cobalt 

Co 

58-9 

Copper 

Cu 

63-6 

Zinc 

Zn 

6S-4 

Arsenic 

As 

74*9 

Bromine 

Br 

79-9 

Strontium 

Sr 

87-6 

Silver 

Ag 

108 

Cadmium 

Cd 

112 

Tin 

Sn 

119 

Antimony 

Sb 

122 

Iodine 

I 

127 

Barium 

Ba 

1.37 

Tantalum 

Ta 

181 

Tungsten 

W 

IS4 

Platinum 

Ft 

195 

Gold 

Au 

197 

Lead 

Pb 

207 

Bismuth 

Bi 

209 

Radium 

Ra 

226 

Uranium 

U 

238 


* The«l« giva m «o 
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USEFULNESS OF THE ATOMIC VIEW 

We shall have plenty of opportunities at a later stage to show why the 
atomic view is useful. Here we may examine only three of its uses. The 
first raises an issue which has not emerged in any of our previous discussions 
of the nature of scientific method. Scientific method cannot be kept in the 
strait-jacket of any simple definition. One way of d efining science is to 
say that it is an inventory of the furniture of nature. The essence of a good 
inventory is that you should be able to turn up the information which you 
want quickly. So one aspect of scientific knowledge is classification. It is a 
very important aspect of those branches of scientific knowledge which deal 
with a great variety of objects, as, for instance, chemistry, biology, and 
sociology. 

Scientific classification involves making new words or symbols for objects. 
These new words have two uses. The first is to convey as much relevant 
information as possible, and the second is to avoid confusing different 
tilings or introducing irrelevant associations. Students of social questions 
would do well to ponder on the immense debt which chemistry and biology 
owe to the deliberate invention of new symbols which have this characteristic. 
They are often referred to contemptuously as jargon, especially by the sort 
of people who think it is tremendously important to be able to place Francesca 
da Rimini or repeat the correct tags for ohjeis iari. 

Compare with its atomic label H 2 SO 4 the medieval name for sulphuric 
acid, oil of vitriol. If you are a classical scholar the latter suggests that it 
has some connexion with or similarity to glass. This is not true. The only 
other thing you are likely to recall when the word is used is that ladies 
sometimes tkow vitriol at one another. Contrast this with the information 
which is conveyed by the formula H 2 SO 4 . To begin with, it tells you from 
what elements sulphuric acid is built up. E you have a table of atomic weights, 
it also tells you in what proportion by weight they are present in it. Since 
the atomic weights of the common elements are easy to remember, a table 
is rarely necessaiy. When you know a little more about other compounds it 
tells you much about the way in which their properties and preparation are 
> interconnected. The words alabaster and Epsom salts suggest no connexion 
I with vitriol. The formula CaS 04 and MgS 04 at once direct your attention 
to the fact that the first (which in combination with water is alabaster) and 
the second (which in combination with water is Epsom salts) both have the 
same cluster of atoms or radicle, as chemists say, i.e. SO 4 , present in oil of 
vitriol. 

In one this radicle is combined with the metal calcium and in the other 
with the metal magnesium. When hydrogen takes the place of a metal in 
association with such a cluster of atoms the compound is an acid. The metallic 
derivatives of an acid or sdts can sometimes be formed, as in this example, 
by direct action of the acid on the metal. They can also be formed by dis¬ 
solving a metallic oxide, the hydroxide of a metal, or a metallic carbonate in 
the acid. If we know that chalk is CaCOg, i.e. it has the COg radicle of aU 
carbonates, or that quicklime is CaO, i.e. it is the oxide of cdcium, or that 
slaked lime is Ca(OH) 2 , i.e. it is the hydroxide (alkali) of calcium, we know 
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that any one of these substances will combine with suipliuric acid u prmduwe 
caldum sulphate. This is not merely an economy of effort. li ah standi for a 
social achievement. Chalk, lime, oil of vitriol, alabaster, and Hpsoru salts are 
just names of objects which occur in nature or can be made by smste lak* 
of thumb method from some special constituents which exist in some rar- 
ticular place. Write their names in the new symbols, and you exltibit all 
of ways^ of making them from all sorts of materials. It may be titat some of 
them will be found available almost anywhere. They have ceased to l?e mete 
articles of consumption and have become instruments of production. 

There are several other interesting items of information contained in tk 
formula H 2 SO 4 . As already explained, analysis of salts ibrnied when acids 
attack metals or dissolve their oxides, etc., shows that a salt is a compound in 
which an atom of metal takes the place of one, two, or more, atoms of hydrogen. 
Sulphuric acid has two atoms of hydrogen in each molecule. Out or kih can 
be replaced. Thus we can have two salts formed by the combination of 
sulphuric acid and caustic soda (NaOH): sodium hydrogen sulphate XaHSO,, 
and disodium sulphate Na 2 S 04 . Similarly carbonic acid (ILCOg) feinied by 
dissolving carbon dioxide in water forms two sodium salts, sodium bica:k;RaK 
(sodium hydrogen carbonate) or baking powder (NaHCOgS and sodium 
carbonate (di-sodium carbonate) or NajCOg which is anhydrous waslsing 
soda. On heating it, baking powder gives up carbon dioxide and water vapour 
becoming washing soda. The bubbles of gas (carbon dioxide), also produced 
by the respiration of the yeast organism, can be used to “raise” bread, etc. 
They get imprisoned in the dough and thus give it the spongy texture required 
for culinary purposes. The way in which this happens may be represented in 
symbolic form by what is called a chemical equation thus: 

2 NaHC 03 NajCOg + HjO + COj 

This means that when sodium bicarbonate breaks up, one molecule of witer 
and one molecule of carbon dioxide gas are formed with each new molecule 
of sodium carbonate, In pastry the taste of the washing soda is disguised 
by sugar and other ingredients. For bread which is not specially flavoured 
yeast is preferred as a gas generator. 

If wc have found the atomic weight of calcium, as explained on p. lil, 
analysis shows that a possible formula for calcium sulphate is CaSO|, and a 
corresponding one for sodium, sulphate (disodium sulphate) is NajSO|. So 
likewise chalk or calcium carbonate may be written as CaCOg, and wishing 
soda as NajCOg. Corresponding to a bisulphate (or hydrogen sulphate) and 
a bicarbonate (or hydrogen carbonate) of sodium there are salts of alduin. 
Calcium bicarbonate is represented by the formula Ca(HC 03 ) 2 , One atom of 
sodium takes the place of one atom of hydrogen, and one atom of calcium 
takes the place of two atoms of hydrogen. On this account sodium is said to 
have a valency of 1 and calcium of 2 , 

Unlike calcium carbonate (chalk), caldum bicarbonate is fairly soluble. It 
is present in very appredable quantities in the natural waters of chalky 
soils. When boiled it behaves like baking soda, as represented by the chemical 
“equation”: 


Ca(HCOs)g CaCOg + HgO + CO, 
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Thus it is turned into chalk which is not soluble. Soluble calcium salts unite 
with soaps which are sodium (hard) or potassium (soft) salts of certain acids 
derived from fats and ods. Calcium replaces sodium (or potassium) to form 
an insoluble salt “curds.” If the calcium is present in the form of bicarbonate 
it may be removed by simply boiling the water. This is one reason for 
boiling water before shaving. “Hard” water is sometimes hard because it 
contains calcium sulphate which is not precipitated, i.e. thrown out of solu¬ 
tion, by boiling. Calcium sulphate wiU react with any soluble carbonate to 
form the insoluble calcium carbonate and the sulphate of the other metal. 
That is why we use washing soda. The reaction proceeds according to tlie 
chemical equation 

NagCOs -j- CaSO^—^-CaCOg + NagSO^ 

We have not nearly exhausted the information contained in an atomic 
formula, If you tell me that sometliing is common salt (which is mostly 
sodium chloride), I may recall the biblical assertion that a virtuous woman 
without discretion is like an egg without salt, or maybe one or two other 
things. None of them tells me how to go out and look for it, or to recognize 
it except by a taste which is by no means peculiar to it. When you say that 
a substance is NaCl, I infer that it is built up of the two elements sodium 
and chlorine 5 that it is a salt of hydrochloric acid and could therefore be 
made by dissolving washing soda in “spirits of salt.” Because nearly all 
sodium salts are soluble and nearly all chlorides are soluble, I can conclude 
that it almost certainly dissolves readily in water. 

I can also infer that its presence can be detected by applying the tests for 
identifying the element sodium, and the tests for identifying any soluble 
chloride. All sodium compounds colour a flame bright yellow. Among the 
few insoluble chlorides is silver chloride, which is light-sensitive, darkening 
on exposure to sunlight. If a soluble silver salt (e.g. silver nitrate) is added 
to a soluble chloride in solution the insoluble silver chloride is precipitated 
as a flocculent mass which darkens in sunlight. So I Imow that a drop of 
silver nitrate solution added to a solution of sodium chloride will produce 
this result. Consider another salt. Call it potash fertilizer, and I only know 
that it is used for soils deficient in the element potassium which is essential 
to plant life. Call it K 2 SG 4 and I know how to detect it. Like all potassium 
compounds, it will tint a non-luminous flame with a violet hue. The element 
barium, which is closely related to calcium, and like it has a valency of 2 , 
forms an extremely insoluble sulphate which is precipitated from any solution 
of a soluble sulphate as a very heavy white powder when a soluble compound 
of barium like barium chloride is added. Potassium sulphate is recognized as 
a potassium salt by the flame test and as a sulphate by adding a soluble 
barium compound in solution, The ensuing reaction may then be written: 

K 2 S 04 + Baaa--> 2 Ka-l-BaS 04 

Our formula thus enables us to malte a rapid conspectus of a very large 
number of otherwise unrelated facts about how to prepare and how to 
recognize or search for a substance. Much more than this is involved. The 
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atomic formula is a recipe for the assay of a substance. Once chemical manu¬ 
facture began to develop, the purity of the material sold required a guarantee. 
Under the old economy of natural products the guarantee of purity was the 
source from which the material was obtained. Thus Castille soap was soap 
of special excellence. The atomic tiieory reduced the whole technique of 
estimating the purity of compounds to a system so simple that you need to 
know very few facts to find out how much you have got, if you also know tlie 
formula of a substance. 

To make this clear we will suppose that we have a mixture of washing 
soda and potash fertilizer and want to know how much of each a weighed 
quantity of the mixture contains. We might then proceed in one of two 
ways, or combine both to check one another. We first dissolve a weighed 
quantity in a known volume of water, and hence know the weight of mixture 
iu 1 c.c. of the solution. Should we decide to estimate the washing soda, 
one simple way depends on the fact that carbonates will neutralize nearly all 
acids. Nearly all adds decompose them, malting them effervesce, owing to 
Ae liberation of carbon dioxide. For instance, the effervescence of sherbet 
is due to the admixture of tartaric acid aystals with baiting soda and sugar. 
When the acid dissolves, it sets free CO 2 forming sodium tartrate. 

If, therefore, we add a measured quantity of hydrochloric acid solution 
of known strength to a measured quantity of the mixture we shall break 
up the washing soda (sodium carbonate), using up a corresponding quantity 
of hydrochloric add to form sodium cMoride. The atomic formula tells us 
what the corresponding quantity is, i.e. what weight of washing soda neutra¬ 
lizes what weight of dissolved hydrochloric add gas. 

What weight of hydrochloric acid is neutralized is easily determined in 
the following way. From a burette (p. 444) we add a solution of caustic soda 
which turns litmus dye blue to a known quantity of acid solution, made 
red by addition of a little litmus solution. If we add the soda drop by drop 
we reach a point where one drop just turns the colour from red to blue. At 
this point ail the hydrochloric add is used up to form sodium chloride. If it 
takes 12 c.c. of caustic soda to'neutralize 10 c.c, of our standard add solution, 

1 c.c. of the soda corresponds to five-sixths of a c.c. of the acid standard. We 
may now add the same quantity (10 c.c.) of acid to a measured quantity of 
mixture containing sodium carbonate and find that on adding dye when all 
effervescence has ceased only 8 c.c. of soda are required to change the tint. 
Before adding the soda there must have been five-sixths of 8 c.c., i.e. 6*7 c.c., 
of hydrochloric acid left, and 3*3 c.c. had been used up to decompose the 
sodium carbonate. The acid solution is of known strength, i.e, a known weight 
of'hydrochloric acid gas has been dissolved in a measured volume of water. 
So we know how much ofthe former is contained in 3'3 c.c. The correspond¬ 
ing amount of carbonate is contained in the formula. Since sodium chloride 
has the formula NaQ and sodium carbonate has the formula NajCOg the 
reaction proceeds in this way 

2Ha + NajCOj 2Naa-f HgO-h CO 3 

This means that for every molecule of sodium carbonate present two mole¬ 
cules of hydrochloric acid are used up. The molecular weight of the latter 
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is 36‘5 (see p. 457). The atomic weights of carbon and sodium are given 
in tables prepared by the method explained on pp. 467-9 as 23 and 12 respec¬ 
tively. Thus the molecular weight which corresponds to the formula adopted 
for sodium carbonate is 2(23) 4-12 + 3(16) = 106. The ratio of the weights 
of two molecules of hydrochloric acid and one molecule of sodium carbonate 
are 2(36-5): 106. Hence, 106 grams of sodium carbonate corresponds to 73 
grams of hydrochloric acid, and if * grams of the latter are used up the amount 
of sodium carbonate present was 106x -f 73 grams. 

COOL CLEAN CHEMISTRY 

You must not imagine that all the wealth of information which is carried 
in a single atomic formula came into being suddenly. Avogadro’s hypothesis 
put forward in 1811 was the master clue to a vast jigsaw puxzle. Till the end 
of the nineteenth century many of the pieces remained out of place. The 
atomic weights ascribed to some of the elements were twice as large as they 
ought to have been, because compounds with the minimum number (i.e. 1) 
of atoms per molecule had not been studied. The formulae ascribed to 
substances which were not known in the gaseous state were largely conjectural j 
and indeed it does not make any difference for calculation of corresponding 
quantities in an analysis whether we represent the reaction between caustic 
soda and hydrochloric acid, the molecular weight of which can be determined 
by direct application of Avogadro’s principle, as: 

NaOH + HCl = NaCl+HjO 

or (wrongly) as: 

Na2(0H)3 + 2Ha = NaA + 2H20 

The formulae which we now use depend to a large extent on die discovery 
of new theoretical principles which we shall come to later. Before order iinally 
emerged out of chaos, the study of chemistry was acquiring a new impetus 
from the application of new technique and instruments, just as astronomy 
had benefited in the seventeenth century from the discovery of the pendulum 
dock, the telescope, and the vernier. 

One of the most striking things about the progress of chemical technique 
in the nineteenth century is the wide horizon of human possibilities which it 
disclosed. Instead of superseding, it merely enriched the theoretical knowledge 
required to carry on with the old technique of chemical manufacture. In a 
large measure this is the technique still used. Consequently we have at our 
disposal for producing wealth vast stores of knowledge which have never been 
My exploited. Few of our legislators or social theorists even yet realize 
that the pattern of social hfe fashioned by the rise of chemical manufacture 
was in no sense a necessary result of applying science to human hfe. The use of 
chemistry was determined by the same blind economic forces which en¬ 
couraged its early growth witli no prescience of the social outcome. Meanwhile 
growing knowledge was pointing to the possibihty of a different pattern- of 
social life. Only a few visionaries could see it. Pohticians do not study science 
and scientists are not encouraged to meddle in politics. 
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The multiphcity of commodities which resulted from the rise of chemical 
manufacture was accompanied by the multiphcation of congested urban 
populations Hving in sooty squalor. People became accustomed to regard one 
as contingent on the other. From earhest antiquity towns had been the focus 
of any scientific culmre. The hypertrophied uiW squalor which is now 
bearing fruit in universal steriUty and the prospect of racial extinction was 
therefore accepted as the price we pay for what is called a high standard of 
life. The socid outlook of people who were hostile to innovation identified 
the dark satanic mills of Blake’s poem with the application of science and 
England’s green and pleasant land with the lack of it. The social outlook of 
people who welcomed the prosperity which the new knowledge brought in its 
train identified the social use of science with the production of an ever- 
increasing multiplicity of commodities, and accepted mhan congestion as a 
necessary evil. These two alternatives still represent the attitude of the 
majority of people educated in a culture which has no place for studying the 
social background of science. 

We shall be able to find our way through the jungle of silliness which lies 
behind this false antithesis when we come to the conquest of power. The 
England which Blake loved was a land in which there were windmills and 
watermills in picturesque and healthy surroundings. Virile people who did 
not as yet think it shameful to bear children were learning to replace the 
slave labour of antiquity by non-human sources of power. 

The use of coal as a source of power coincided with its inttoduction as a 
basic necessity for continuing the oldest of all the chemical industries—'the one 
which ministered especially to the needs of the production of new machin¬ 
ery. From antiquity we associate metallurgical operations with Vulcan’s 
anvil and Etna’s fires. Till the final death of the phlogiston doctrine, fire 
reigned supreme as the universal solvent, the touchstoneiof chemical processes. 
When coal replaced charcoal as the reducing agent of the furnace, power 
production and metallurgy coalesced in the areas where iron and coal were 
found together. The new chemical industries, like synthetic alkalis, following 
the traditional technique of the furnace, equally relied on coal as their source 
of the universal solvent. , 

Till the beginning of the nineteenth century manldnd depended on two 
methods of inducing chemical combination and decomposition. One was 
precipitation in solution. Concerning this more will be said later. The other 
was heat, The introduction of coal made dirt a necessary accompaniment of 
heat in chemical industry. The rapid progress of theoretical chemistry which 
followed the rise of chemical manufacture was largely due to the introduction 
of methods which do not demand heat or dirt. Ghemistiy was becoming 
cleaner and cooler while society was getting hotter and dirtier. 

Three features of the new technique of chemical research will now be 
mentioned. The first will help us to see that science is not merely an instru¬ 
ment for multiplying commodities to distract neurotic urban populations. 
If rationally used and socially directed it could be the means of redesigning 
social life in accordance with fundamental and universal human needs, as for 
instance the need to bear children if the race is to continue, and the need 
for a little privacy as a safeguard against universal insanity. 
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(fl) Electrolytic Decomposition.'—Ekctiksl phenomena might have remained 
almost completely unknownj as they had been for centuries, if they had not 
suddenly become important for a simple reason. The toys or electrical 
machines which had previously been mere curiosities, now became an essential 
part of the chemist’s equipment. The early fi’ictioual machines made it 



Electroplating and the decomposition of water by a simple voltaic cell of copper (+) 
and zinc (-_) electrodes, Note, hydrogen and metals are deposited on the electrode 
connected with the negative terminal of tire cell. In silver-plating a mixture of silver 
cyanide and potassium cyanide is often used instead of silver nitrate as it gives a more 
uniform deposit. 

possible to bring into a dosed vessd the spark which induces hydrogen to 
combine with oxygen. One of the first tricks which was carried out with the 
electric battery was the converse operation of decomposing slightly addified 
water. If the two free ends of pieces of wire connected with a battery are 
dipped into water containing a trace of add, salt, or alkali, there is a brisk 
evolution of bubbles. Analysis shows that the bubbles from the free end 
connected with the positive pole (anode) of the battery are oxygen. Bubbles 
of hydrogen come off from the free end connected with the negative pole 
(kathode). It is easy to collect these bubbles (Fig. 266) and thus to show that 
when water decomposes the volume of hydrogen produced is twice as large 
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as die volume of oxygen. Thus electricity maliies it possible to establish the 
composition of water both by compelling its constituent elements to combine 
(synthesis) and by decomposing it into its constituent elements (amlysis): 

Further study revealed a very important division of chemical compounds. 
If the free ends of two pieces of wire are placed at the ends of a tube containing 
pure water a current does not pass along it. If some common salt is dissolved 
in the water, the tube conducts a current just as if it were a wire. Tins is not 
true of all soluble substances. Alcohol or sugar, for instance, do not make 
water conduct electricity. There is, however, a very large class of substances 
(called on that account electrolytes) which make water conduct. Acids, soluble 
salts, and all^alis, are electrolytes. When a current passes through a solution 
of an electrolyte, the latter always undergoes decomposition. The so-called 
decomposition of water by electricity is ratlier a complicated process resulting 
from the break up of the acid, etc., added to make the water conduct, and tlie 
reaction of the products of decomposition on the water itself. 

Generally spealdng, witli weak solutions this is all that is obvious. Thus a 
very weak solution of table salt will electrolyse with the production of 
hydrogen and oxygen. On the other hand electrolysis of a very strong solution 
with a strong current will be accompanied by vigorous evolution of chlorine 
gas, which was first discovered in this way to be an element. The year 1807 
may well rank as one of far greater importance to manlund than the year 
1816 which we all remember. Davy then discovered that if a strong emrent is 
applied to a moist electrolyte it first melts, conducts electricity well, and 
decomposes in the process. Fle used solid caustic soda and caustic potash 
and found that in each case a new metal collected around the negative 
pole. 

These two new metals—sodium and potassium—are essential elements of 
two of the oldest ingredients—salt and pot ashes—of a chemical economy 
which had persisted from the Neolithic. The discovery of calcium from the 
electrolysis of its compoimds which had been used in the manufacture of 
glass, the curing of leather, and tlie preparation of cement from remote 
antiquity, followed shortly jffter. All three metals had stubbornly refused to 
yield to tiie universal solvent of the Iron and Copper Age metallurgies. Their 
discovery announced the existence of a new agency in man’s social life—the 
light metals, which caimot be separated by the traditional method of the 
blast furnace. Two things about these new %ht metals are specially important. 
One is that although they remained undiscovered so long, Aey include all tlie 
most abundant metals in the earth’s superficial crust as far down as we can 
penetrate it. Living as we do in the twilight of the Iron Age, most of us think 
of iron as a very common metal, perhaps as the most common of the metals. 
This is wrong, as you will see at once when you stop to think about how much 
salt there is in the sea, or how much chalk in the cliffs., 

Neither sodium nor ailcium could replace iron for social use. Both metals 
oxidize rapidly in air, and combine with water to form their hydroxides, 
liberating hydrogen wliich catches fire. The reaction proceeds as represented 
in the equations: 

2Na-b2H20 2NaOH-fH2 

Ca"|"2HoO Ca(OH)2 4" Hj 
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Although the use of sodium, potassium, and calcium in the elementary state 
is confined to a limited number of processes, the light metals include elements 
which are just as durable as iron. With a small admixture of other metals they 
yield alloys which are as hard. The two most important are magnesium and 
aluminium. Both are extremely abundant, and are distributed universally. 
About 10 per cent of sea salt is the chloride of magnesium, a very deliquescent* 
compound which confers on common cooking salt its drying properties. So 
brine is a sufficient source, and the ocean contains a well-nigh inexhaustible 
store of it. Down to a depth of about twenty-five miles aluminium is estimated 
to be about twice as abundant as iron. In the more superficial layers of the 
earth’s crust accessible to mining operations it is immensely more abundant 
than any other metal. Nations do not need to go to war to get aluminium and 
magnesium compounds. Aluminium is present in every scrap of ground we 
stand or build on. Common clay is mainly an aluminium salt—duminium 
silicate. The Soviet Union have now mastered the technical difficulties of 
producing aluminium from clay on an industrial scale. 

The last two decades have witnessed a veritable revolution m metallurgy 
through the electrochemical production of the two light metals. As one 
American chemist puts it, we are passing out of the Iron Age which has 
lasted since about 1000 b.c., and are now on the threshold of the Mag-Al Age. 
A very good account of this development which was made possible by 
Davy’s discovery is epitomized in the following citations from Mantell’s 
book Sparks from the Electrode (pp. Gdr-TS), written in 1931 : 

Aluminum is truly a metal of the modern age, for its development on a 
commercial scale has taken place within the memory of many now living. 
The Danish chemist Oersted in 1826 announced in a paper before the Royal 
Danish Academy of Sciences that he had produced aluminum “the metal of 
clay” ... In 1846 at Gottingen, Wdhler made some of die metallic particles as 
large as big pinheads. In 1864 Sainte-Claire Deville, a Frenchman, announced 
a substitution of sodium metal for potassium in Wohler’s method and with 
±e addition of common salt, or sodium chloride, to the aluminum chloride 
made a readily melted material which acted as a flux and caused the aluminum 
globules to run together. ... Napoleon III, because he saw the possibilities 
of using the light metal aluminum for helmets and armour, aided Deville’s 
work. Bars of aluminum were exhibited at the Paris Exposition in 1866. In 1866 
the metal cost $100 a pound, and the year afterwards about |27 a pound. 
Two years later, because of improvements in the process, it was down to $17. 

. . . The Aluminium Company Ltd. at Oldbury near Birmingham, England, 
erected a works in 1888 usiag the Castner sodium process and tiie Deville 
aluminum method. Production reached 600 pounds a day and the metal was 
sold for about $4 a pound. . . . Charles Martin Hall, while still a student at 
Oberlin College, became interested in the problem of finding a cheaper method 
for producing Muminum. His imagination had been fired when he read of 
Deville’s work and found the statement that every clay bank was a mine of 
aluminum, and that the metal was as costly as silver. He reasoned that alu¬ 
minum oxide could be obtained cheaply and in the pure condition, buf, its 
melting point (2060° C.) was too high for it to be electrolyzed while in the 

* I.e. capable of removing water vapour from the air and of dissolving in the 
moisture so formed, ; 
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dissolves in 1 ^ ^ ^umina, or aluminum oxide, as sugar 

alumina The aluminn H ^ Greenland, when melted would diasolvc 

^ decomposed by tiie current to 

produce alummum metal. . . . Ultimately he 

men who organized the Pittsburg Reduction Comply to 

?he hXrr AiunJum'^mprorr;®: 

for th^ i l^te destructive of materia! used 

Sfi m in with a carbon 

ThK^rnnu'cte f ^‘“'bon dip mto tlic molttii bath. 

^ aluminum oxide is dissolved. The carbon 

l^g and the pot itself constitute the cathode or negative pole. The alumina 
is broken up mto alummum metal which sinks to the bottom of tiie cell, and 
oxygen which rises to the top. . . . When enough aluminum forms, the tap 
hole IS forced open and the aluminum drained from the cell into a ladle from 
which It IS cast into its pig or ingot form. An aluminum plant consists of row 
upon row of these pots, each with its little indicator lamp to show the workman 
how the pot is fimetioning. The pots operate continuously through the bright 
hours of the day and the long hours of the night, tiie men working in sliifts of 
eight hours. . . . The world production of aluminum had grovm from 16 
metric tons in 1886 to 19,800 tons in 1907. More than half of the growth had 
taken place from 1904 to 1907. By 1929 there had been an increase of 1300 per 
cent to an annual total of over 270,000 tons. In the same period, the production 
of iron had increased 60 per cent, that of lead less than 76 per cent, and zinc 
100 per cent, while copper, the metal most largely used in electrical machiaety 
and as such the principal competitor of aluminum, made a gain of 170 per cent. 
The possible growth of aluminum can be judged from the fact that the world 
produces about one-fifth as much aluminum as zinc, and 1/360 as much 
aluminum as iron, . . . Aluminum is an international metal, yet it has only 
become so within the last twenty-five years, for we find that five of the present 
Norwegian plants, all the Italian and Russian plants, all of those of Germany 
except one small one, two of those of Great Britain, five in France including the 
largest one there, and half the plants in the United States and Canatk, came into 
existence in that period, while most of the previously existing works were made 
larger. 

The same author gives the following account of the recent growth of the 
magnesium industry. Aluminium and magnesium arc usually alloyed together 
and aid one another in their mdustrial activities, espcdally in connexion with 
aviation: 


Although Bunsen, as far back as 1852, produced magnesium metal by elec¬ 
trolysis of its chloride, the first commercial plant using this method began 
operation only in 1880, in Germany. In America, the magnesium industry 
was not established until 1916, some thirty years later. Mapesium is one of 
the lightest metals and as such, or alloyed with other materials, it is becoming 
more widely used in industries such as aviation, automobile, railroad, struc¬ 
tural, etc. From a pound of magnesium we can make a bar of tiie metal a 
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half inch square and 64 inches long, wliile such a bar from a pound of alu¬ 
minum would be 42 inches long, and from steel only 14 inches long. A beam 
of magnesium, light enough in itself to be carried by one man, can yet support 
an automobile! A steel piece of similar size probably could not be lifted by 
even four men. The advantage of magnesium in the matter of weight alone, 
especially in aviation and building, makes its production worth the effort. 

Only one American company has outlived the difficulties. Tkt company 
entered the field because of an abundance of magnesium chloride which it 
desired to convert into useful and profitable material, and because of an 
increasing demand for magnesium in mfiitary pyrotechnics. It spent seven 
discouraging years in experimentation and development. ... The low period 
of 1920 and 1921 slowed industry to the extent of again stopping production 
in order to dispose of stocks on hand. Meanwhile German manufacture 
of magnesium had flourished. The metal was imported into the United States 
in quantities, trebling the purchase of domestic magnesium during 1922, 
threatening to wipe out its manufacture here. Late 1921 saw a new start and 
the 1922 tariff protected the new industry. The last commercial plant now 
in operation can produce tons of metal per day, of the very high purity of 
99-9 per cent. An improved process goes on smootlily and economically. 
Appreciation of the many possibilities for this very light metal and its alloys 
has increased demand. In recent years the total American consumption was 
over 600,000 pounds. Aviation, automobile, railroad, structural, and metal¬ 
lurgical industries are increasing their use of magnesium. . . . Magnesium 
fiimaces consist of large rectangular cast steel pots holding several tons of 
melted magnesium chloride. The pot serves as a cathodej inserted in the top of 
the molten contents and suspended vertically are the graphite anodes. The 
magnesium deposits at the cathode. Being lighter titan the bath, it rises to the 
top and, while protected from oxidation by a top crust on the cell, flows to a 
collecting chamber outside the cell proper. The metal is removed daily. . . . 
With development of processes and markets, magnesium prices have tumbled 
from $5.00 per pound in 1915 when some 80,000 pounds were produced, to 
$1.00 a pound in 1924,48 cents in 1930 when over a million pounds were made, 
and 30 cents a pound in 1931. It will be remembered that the magnesium is 
made from magnesium chloride obtained from salt brines. 

The countries which export aluminium are countries with abundant 
hydroelectric power. If you turn the leaves of any good chemistry book, like 
Mellor’s Inorganic Chemistry ^yovi will find that dozens of electrolytic processes 
have been patented for the chemical industry. In the Castner process, for 
instance, brine is decomposed to produce caustic soda by reaction between 
the water and the sodium liberated at the kathode, while pure chlorine gas is 
collected at the anode. This is a straightforward application of the discovery 
Davy himself made. Yet the furnaces of the Leblanc process (p. 436) for 
maliig alkalis continued to pollute the landscape tiU our own generation. 
Although there is an electrolytic method available for a vast number of 
mineral products, it is still true to say the only substances exclusively produced 
by electrical methods are those which like aluminium and magnesium cannot 
be produced in any other way. The reason for this is that existing chemical 
industry has its historic roots in a coal economy of private enterprise which 
had no social plan for the co-ordinated use of scientific knowledge. It was 
lack of science wliich' took people away from tlie watermills of England’s 
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green and pleasant land, and forced them to where coal and iron were found 
togetlier. Science can do more with the power that drives the watermill than 
with a blast furnace. We shall be making the fullest use of it when we pass 
out of the age of coal and iron into the age of hydroelectricity and light 
metals. 

Within the framework of private enterprise the chief effect of new 
theoretical knowledge on metallurgical practice of the mneteenth century 
was to conserve tlie pre-existing economy of the heavy metals. The history 
of steel production is told in Our Mineral CivUimtm by Thomas T. Read. 

Iron is found all over tlie earth in the form of iron oidde and the metal can 
be made from the oxide by heating it with carbon. . . . That will produce 
soft iron, with tlie impurities that were in the ore embedded in tlie iron. By 
hammering it while it is hot tliey can be gotten rid of fairly well, and a sldlful 
person can hammer the iron into almost any desired shape. The difficulty is that 
it remains soft, too soft to be of much practical use. Nor can it be melted down 
and cast, for the melting point of pure iron, around 2700° F., was far above 
tlie reach of the early metallurgists, The early workers were clever, however, 
and they eventually found out bow to harden iron. They made the soft metal, 
worked it by haminering into the shape desired, heated it for a wliile buried in 
carbon, and then took it out and plunged it into water or oil. If they did it just 
right they could made it as hard as a modem razor blade. Of course they did 
not know why it happened. . . . Now we understand that the carbon of die 
fuel bed slowly soaks into the hot iron, much as moisture soaks into wood. Iron 
with carbon dissolved in it has the property of becoming hard when chilled 
from a red heat. ... Since tlie cai'bon soaked in from the outside a sldlful 
smith could make a sword with a hard edge and a tough body that was an 
excellent weapon. They could make good steel, but rliey could not malce it in 
large quantities and it was quite expensive. Meanwhile the early metallurgists 
had learned how to melt iron. If tliey used a blast and increased the depth of the 
fuel bed tliey could produce melted metal, though it hardly seemed like iron, for 
when it was cold it was as brittle as glass. They could cast it, however, and much 
of the iron used before 1760 was cast iron. We know now that when made in tliis 
way the iron talces up as much as 3 • 6 per cent of carbon and its melting point is 
lowered some 600°F., though still far above that of bronze. At the beginning of 
our century of progress this kind of iron was still universally made in furnaces 

that had a capacity of six tons per day-Steel was still made from the soft 

iron and only on a small scale. What Bessemer learned to do, in 1866, was to 
produce steel from the melted hard iron by blowing air through it j in 20 minutes 
he could convert 16 tons of the hard, brittle metal into steel soft enough to 
be rolled, yet much stronger titan the pure soft iron. Now it was possible to 
produce the kind of metal needed for building railroads, in large quantities and 
at a low price. The process was introduced in this country in 1866. The total 
ironproduction of tlie country in 1864 was about a iniilion, tons; ten years later 
it was more than 2| million tons and twenty years later about 6 million tons. 
Sixty years later it was about 40 million tons. For many years after its intro¬ 
duction the Bessemer process was die principal way of m^g steel. Contem¬ 
poraneous with it was anodier process, known as the open-hearth, that at first 
seemed less advantageous, since it required more fuel and had less capacity. 

. . . This other process could not only handle metal made from any kind of 
ore, but the steel was of better quality. By 1907 more steel was made by the 
open-hearth process than by the Bessemer, and by 1929 seven times as much. 
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The production of steel on a large scale intensified research into the influ¬ 
ence which elements other than carbon exercise on the physical properties 
of iron. Read tells us: 

One of the things thus learned was that nickel, chromium, tungsten, and 
some otlier metals, if added to steel, make it stronger without making it brittle, 
as carbon does. Long, careful, and painstaking work was needed, because 
the effects produced by different amounts are surprisingly different. . . . With 
nickel ... by using between 2 and 4 per cent the tensile strength of the 
steel is increased about 6,000 pounds per square inch for each per cent of 
nickel added, it is also more resistant to rusting and abrasion. . . . Above 
10 per cent nickel the steel, instead of getting harder when heated and chilled, 
gets softer. Steel containing 13 per cent nickel is tremendously strong, but so 
hard it cannot be cut or drilled. At 24 per cent nickel the alloy becomes non¬ 
magnetic, and from that up to 32 per cent it has a high resistance to the passage 
of the electric current. ... At 36 per cent nickel the alloy develops another 
curious property; it does not expand and contract with changes in the tem¬ 
perature, fitting it for special uses, such as measuring tapes. The wires that lead 
in through the glass of an electric light bulb are made from a 38 per cent nickel 
iron alloy plated with copper. They expand and contract at the same rate as 
the glass and consequently do not crack away from it. At 78 per cent nickel 
its magnetic permeabihty becomes exceedingly high. . . . The practical 
importance of such special qualities is seen in a recent estimate that the elec¬ 
trical transformers now in use in the United States waste about ten billion 
kilowatt-hours of energy annually in useless heat. Half of this could be saved 
if the nickel-hon alloy (60 per cent) which has the combination of highest 
permeability and lowest hysteresis loss were used in their construction. Chro¬ 
mium makes steel hard. Fhes contain about 0 • 6 per cent of it, axes and hammers 
and chains up to nearly 1 per cent. Balls and rollers for bearings are probably 
the most important use for chromium steel. ... Armour plate for battle¬ 
ships, which typically has about 4 per cent nickel and 2 per cent chromium, is 
an important use, but the nickel-chromium steels that enter most directly 
into the lives of ordinary people are those employed in motor-car building. 

. . . The front axle must be strong and tough, and so will usually contain 
nickel; the hardness necessary in the bearings will be provided by chromium, 
and so on. Formerly motor cars were trimmed witli nickel-plated iron. . .. 
Some of the cheaper cars have substituted an iron-nickel-chromium alloy 
that is highly resistant to tarnish and almost silver-white in colour. This belongs 
to the group of alloys, of recent devising, that are popularly known by the 
somewhat ungrammatical name of stainless steel. The various companies 
that produce this material apply different trade names to it; but the material 
always contains about 18 per cent chromium and 8 per cent nickel. . . . For 
many uses steel can be protected by dipping it in melted tin or zinc, and for 
others it is plated with nickel or chromium. These recent developments have not 
only produced a metal that is truly resistant to corrosion (there are also rustless 
cast irons) but have led to the production of special alloys having a remarkable 
resistance to the attack of almost any reagent, including strong acids. An im¬ 
portant alloy that has hot yet been mentioned is that with tungsten, Tliat metal 
when mixed with iron not only makes a hard steel but one that stays hard 
even when red hot, when all other varieties of steel soften. Modern boring 
and cuttingmachines were previously limited m speed by ability to keep the 
tool cool, as it gets hot when working and as soon as it heats up loses its edge. 
A great dead of work, done over a long period of years, has disclosed that about 


The Atoms of Democritus 473 

18 per cent tungsten with 3-6 per cent chromium gives the best results. . ,. 

anamum and molybdenum are two other metals that improve steel quality, 
^ ana produces much the same effect as nickel, but a much smaller amount 
is requited. Chrome-vanadium steels are used in an important way in the 

ivmg axles and otlier forgings of locomotives, automobile springs and axles, 
gun forgmgs and many other purposes. Molybdenum-vanadium steels have 
proved valuable for making centrifiigally cast guns, 

To this it may be added that 13 per cent manganese makes a steel which is 
highly non-magnetic, and as such suitable for the manufacture of bulkheads 
for ships. It does not acquire the feeble magnetism induced by the vertical 
(dip) component of the earth’s field (see p. 633), and hence forestalls the 
compass-bias which may arise therefrom. Notable progress has been made 
recently in the discoveity of new lead alloys. The addition of less than 1 per 
cent of cadmium and tin makes lead as hard as copper. Lead itself may now 
be removed from tlie category of “heavy” metals, since it is quite easy to 
prepare it from its ores by electrolytic decomposition. Wc are only at the 
threshold of discovering what remarkable new physical properties are con¬ 
ferred by the introduction of relatively small quantities of different metals in 
alloys. Progress already accomplished points the way to a new potential of 
local self-sufficiency. 

^ (b) Catalysis.--^ second technique which chemistry developed during the 
nineteenth century has touched industry still less, though it may hold even 
more spectacular possibilities for a rationally planned future of human 
existence. Some reactions which otherwise require the expenditure of con¬ 
siderable energy can be mduced to proceed rapidly by adding small quantities 
of substances which do not participate appreciably in the final products. They 
act as it were as lubricants, This lubricating action is called in a general way 
catalysis, and the lubricant is called a caiedysi. The physical nature of the 
process is not necessarily the same in all reactions descriW by the tenn. Its 
use lies in directing attention to the social importance of encouraging reactions 
with the minimum expenditure of effort. Thus, if starch is boiled continuously 
with dilute acids it is gradually broken down into grape sugar (dextrose). The 
same result can be brought about by simply adding a small quantity of malt 
extract and leaving it in a warm place, the acid accomplishes with the 
expenditure of relatively much M to supply heat, the extract can do at a 
much lower level of energy consumption. 

An example of the production of an inorganic reaction by catalysis is the 
union of hydrogen and oxygen in presence of finely divided platinum (gas 
lighters may be so made) without sparking. In industry the contact process 
for making sulphuric addis to pass the gas SOj, formed by burning sulphur 
in air, with air over vanadium oxide—this helps to oxidize it to SO 3 , which 
dissolves in water for ming H 2 SO 4 . In the Deacon process for making dilorine 
the union of HCl and oxygen is promoted by passing HQ and air over 
pumice soaked in copper chloride at a comparatively low temperature. 

There we vast untapped resources for further industrial development by 
developing the natural catalysts called ferments or enzymes, The decomposi¬ 
tion of starch in the presence of malt illustrates one step in two very ancient 
industrial processes which were not understood folly until comparatively 
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recent times. Beer and Spirits provide an example of a chemical industry 
which is largely empirical^ like photography. Probably the earliest liquors 
w'ere prepared from fruit juices wMch ferment spontaneously, being nearly 
always infected with wild strains of the micro-organism yeast. This breaks 
down sugar into alcohol with liberation of COg. The production of the former 
is the reason for adding yeast to malted grain. The production of the latter is 
the reason for using pst to raise bread. In the malting of beer, grain is soaked 
and kept warm it begins to germinate. This allows a catdyst or enzyme 
called diastase (like one present in our own saliva) to convert the starchy 
content of the grain to sugar. The germinating grain is dried and the extract 
of the dried matter (malt) may be used as a source of diastase to convert 
potato starch into sugar as mentioned. In tlie nineties of the last century it was 
shown that crushed yeast in which there are no living organisms yields an 
extract which will catalyse the breakdown of sugar into alcohol just as well 
as the living organism. 

(c) Spectroscopy,—h. tMrd technique has proved to be of great theoretical 
an ^ practical importance in so far as it has led to the discovery of new elements, 
which now play a part in familiar features of our daily life. It will be men¬ 
tioned briefly, because the discoveries which resulted from its use will be 
dealt with elsewhere. In Chapter 3 it was stated that a pinch of salt tints the 
noQ-lummous flame of a gas fire yellow. This you can easily see for yourself. 
Similar^, as you can also see for yourself, a copper salt wiU tint it bluish 
green. Compounds of the few elements which intensely colour a flame are 
feworb. Potassium salts give a violet flame. Caldum tails 
give bnck-ied flaro. The dosely allied element strontium givea a biffliant 
crimson flame. Banum gives a beautiful apple green 

f w ™ “ “ntiaiious aiadation 

tar dtoblue. Ins composed ofafew isolated bright Imes. 

yellow region tf a sodium salt is used. Although L rim...., L the 
bS «? >,«on-lumiuons flame, 

spond to the dark lines of “absnmfin^°^°^^ many of these lines corre- 

as if the incandescent mass of fc Li weSldf!''’T'"’ 
uvely colder matter in the aasenm“la- 
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world. We shall retorn to them later. The horizoa of tlieoretical knowledge 
about the structure of the universe, the age and composition of tlte stars, and 
so forth, unfolded by the spectroscope is one of die most fascinating romances 
of modern science. If you are inclined to overlook the social considerations 
which have encouraged research widi the spectroscope, remember your 
sky-signs. Several terrestrial metals were first discovered with the speclto- 
e.g. nibidiiim,caesium,thallium, indium,scandium. Aside from leading 
to the discovery of new elements, die spectroscope has a more immediate 
utility. It provides the most sensitive gauge of the purity of chemical products. 
It will detect the presence of about a hundred millionth of a gram of sodium 
chloride. 


LATER DEVELOPMENTS OF ATOMIC THEORY 

The prestige and usefulness of the atomic theory was reinforced during the 
latter^ half of the nineteenth century by the recognition of three important 
principles: the Law of Pressure in Solution (or osmosis), the I,aw of Chemical 
Equilibrium (or Mass Action), and the construction of the Periodic Table of 
Elements. 

(a) The Law of Pressure in Solution {or Osmosis). —Wliile Avogaclro’s 
principle provided the means of setting a standard of atomic weight, it was 
limited in its application to substances wliich are gaseous or volatilize with 
comparative ease. One of the most important tlieoretical developments in the 
next half century, emerging incidentally through study of the ascent of sap in 
plants, led to die discovery of an analogous principle which applies to all 
substances in aqueous solution. ,In everyday life we are familiar with many 
examples of a common feature which matter displays when dispersed in tlie 
gaseous state or in a solvent. We all know with what rapidity an odour 
“diffuses” in a closed space, and most of us have observed the colour diffusing 
of its own accord through a perfectly still tumbler of water, when a crystal of 
potassium permanganate is dropped in it. In certain circumstances the pheno¬ 
menon of diffusion can result in the production of differences in pressure. 
The laws of solution pressure which describe such phenomena are precisely 
analogous to the laws of gas pressure discovered by Boyle, Marriotte, and 
Charles. 

Pressure differences arising from diffusion can be studied by obstructing 
the process with porous membranes. Lighter gases pass more rapidly than 
heavy ones through a porous membrane, e,g. unglazed porcelain (like the 
porous pot of an old-fasldoned electric bell battery). If, therefore, two gases of 

lighter one through the partition results in an excess of molecules on one side. 
Since equal volumes of different gases at the same temperature and pressure 
contain an equal number of molecules, the result prescribed by Avogadro’s 
principle is that the volume of gas on one side should be greater than on the 
other. This cannothappen if the walls are closed. So, as we should expect, 
a difference in pressure .is produced. The difference is easily demonstrated 
by connecting the open end of a porous pot with a U-tube of mercury. If the 
porous pot is surrounded by hydrogen which is less dense than air there is a 
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gradual increase of pressure in the pot. If it is surrounded by carbon dioxide, 
which is more dense, there is a gradual fall of pressure. One of the methods 
by which the separation of gaseous substances can be brought about is 
repeated diffiision by use of this principle. 

An essentially similar apparatus will serve to demonstrate the somewhat 
analogous phenomenon of pressure in solution or osmosis. The porous pot and 
the hmb of the U-tube connected with it are filled with water, and the gas 
chamber with a solution of table sugar, or conversely the solution is used to 
fill the porous pot, etc., and the outer chamber is Med with water. In the 



Fig. 267 

Positive pressure resulting from tlie more rapid diffusion of hydrogen into the porous 
pot than of air passing out of it. 

first case, there is a gradual decrease of pressure, in the second a slow rise. 
In experiments such as these the pressure registered by the pressure gauge 
reaches 'a maximum or minimum, and the mercury returns to its previous 
level when the gases or dissolved substances are equally distributed on both 
sides of the partition. 

Experiment shows that some membranes easily allow light gases or dis¬ 
solved substances with small molecules to pass through them, but almost 
completely exclude larger and heavier ones. So it is possible to maintain a 
steady pressure by using a membrane which allows the passage of only one 
constituent. If a porous pot is filled with copper sulphate solution and plunged 
into a solution of potassium ferrocyanide, the pores are coated with copper 
ferrocyanide. Water can stiU difiusc freely trough its walls, but alcohol cannot 
appreciably traverse the film of copper ferrocyanide. If the temperature is 
kepr constant the pressure inside a porous pot filled with a watery solution of 
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alcohol and surrounded by pure water rises to a definite level, anc 
fairly steady. 

The steady level varies in a definite way with the strength of the 
The pressure attained is directly proportional to the concentratio 
temperature is varied and the concentration of the dissolved sul 
kept the same, the pressure is directly proportional to the absolute 
ture. The rule for osmotic pressure thus corresponds to the law 



discovered by Charles (p. 425). Boyle’s law (p. 387) states that thi 
of a gas is inversely proportional to its pressure. When the same 
gaseous material is compressed into a small volume, the mass per uni 
or concentration of the gas increases proportionately. That is to say th 
of a given mass is inversely proportional to the concentration. Hence 
centration is direedy proportional to the pressure. Thus the law ol 
pressure for soluble organic compounds like alcohol or sugar is 
analogous to Boyle’s law of gas pressure. 

The chemical importance of this depends on a connexion betwc 
gadro’s theory and the physical properties of gases. The two laws 
and Charles can be combined in a single statement with one con 


pn-KT 


The constant K depends on the quantity of gas used. If the tempe 
constant throughout an experiment KT is constant, and the equati 
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same as Boyle’s law. If® is kept constant^ -f T is constant; or ifp is constant, 
® -f T is constant, and the equation is equivalent to Charles’ law. Avogadro’s 
hypothesis asserts that when the pressure and temperature is the same, equal 
volumes of all gases contain the same number of molecules. This leads us to 
suspect that die constant K will be the same for all gases, if a suitable quantity 
ofgas is chosen. 

As it stands, the formula pv — KT is only useful for calculation when 
we are dealing with some fixed quantity of gas subjected to different pressures 
and temperatures. The suitable unit is the product of 1 unit of mass and the 
molecular weight of the substance. If the mass is measured in grams, it is 
called the mol. Thus one mol of water vapour is 18 grams, one mol of ethyl 
alcohol (C 2 H 5 OH 5 is 46 grams, and one mol of hydrogen is 2 grams. If W is 
the weight of a litre of gas at 273“ on the absolute scale (p. 426), i.e. at 0“ C. 
and at 1 atmosphere pressure (760 mm. of mercury), the volume occupied by 

1 gram at the same temperature and pressure is ^ litres. Since 1 mol of a 
substance of molecular weight M is M grams, die volume occupied by one 
mol is So the volume occupied by n mols is when p = 1 if pressure 
is measured in atmosphmSi and T = 273. We can then put for pv = KT 

ix~=Kxm 



Avogadro’s hypothesis tells us that any fixed volume—e.g. 1 litre, of any gas 
at a fixed temperature-e.g. 273“, and at a fixed pressure—e.g. 1 “atm"’ 
pressure-contains the same number (N) of molecules. The weight (W) of one 
litre of which every molecule weighs m grams is Njm, and since the molecular 
weight (M) is the ratio of the weight of a molecule (m) of the gas to that of an 
atom of hydrogen (/?), 

m = Mh 

W = NMA..(ii) 

Combining both results—(i) and (ii) 

. 

In the last expression /z, the weight of a hydrogen atom, is a fixed quantity. 
N, the number of molecules in 1 litre of any gas at 273° and one atmosphere 
pressure, is always the same, if Avogadro is right. So 
1 

, 273N^~ ““®^^®’^ 

This constant is usually written R, and hence (iii) can be written 
K-«R 

pv -nKT ........ (iv) 

If N, the number of molecules in a litre of different gases at the same 
temperature and pressure, were not the same, the constant R would be 
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different for different gases. According to Avogadro’s hypothesis the constant 
R is therefore the same for all, gases, and the formula pv = wRT applies to 
all pes. Experiment shows that this is ttue in agreement with theory. 
So, if we know the weight (W) of one litte of the gas and hence how many («) 
mols (i,e. W -r M) of gas we are using, we can calculate (a) the volume it 
will occupy at a given temperature or pressure; (&) the pressure which a 
given volume will exert at a given temperature; or (c) the temperature a 
given volume must have to exert a given pressure. To do this we need to 
know the numerical value of R, for which we only need to Icnow the volume 
occupied by one mol of a gas at a fixed pressure and temperature. One mol 
(32 grams) of oxygen at one atmo and 273“ T occupies 22-4 litres. 

1 X 22*4 - R X 273 

„ 22-4 

R = -^ = 0-082 

For a solution of feed concentration the mmiber of mols (n) per unit 
volume is a fmed quantity. So the law of osmotic pressure can also be expressed 
in the form: 

p® = K X constant X T . . . . . , (v) 
Since alcohol volatilizes readily we can find its density and hence its molecular 
weight (M). Hence we Itnow how many mols (n = correspond to a given 

weight (W) in a given volume (v) of solution of known concentration. Experi¬ 
ment shows that the constant in the formula (iv) for solutions has the same 
numerical value as the gas constant (R). This means that if we know the 
strength of a solution of known molecular weight we can calculate the osmotic 
pressure it exerts at a fixed temperature. Thus to find the osmotic pressure 
of 6 per cent (grams per 100 c.c.) of alcohol (molecular weight == 46) at 
10“ C. (283“ T) we first calculate «. The weight of a 5 per cent solution of 
alcohol in 1 litre (1,000 c.c.) is 60 grams. Hence n = 50 - 46 = 1-09. Thus 
we may write for 

pv = bRT 

pX 1 = 1-09 X 0-082 x 283 

p = 25-2 atmospheres 

This tremendous pressure which a 6 per cent solution of alcohol can exert 
will help you to see how the roots of trees are able to split rocks. 

Once this principle has been established by experiment we can use it to 
calculate the molecular weight of a substance by the pressure it exerts in 
solution, For instance, suppose we find that a 0-1 per cent solution of tlie 
nitrogenous substance wrea found in urine exerts an osmotic pressure of 
0-42 atmospheres at 27“ C. (or 300°abs.). If there are n mols of urea in 
1 litre we can put for 

p = «RT 

, 0-42 xl=MX 0-082 x 300 

« = ^ or approximately- 
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The actual weight of urea iu one litre of 0-1 per cent (grams per 100 c.c.) 
solution is 1 gram. The number of mols in one litre is the actual weight 
divided by the molecular weight (W -f M). Hence 

L-l. 

M“410 
M = (approx.) 60 


Although the molecular weight of volatile water-soluble organic substances 
like alcohol, determined by the method of osmotic pressure, agrees with the 
result obtained by measuring the density of its vapour, the same is not true 
of volatile water-soluble mineral products like hydrochloric acid gas. In 


comparatively dilute solutions the values calculated from the osmotic pressure 
of substances of the latter class are almost an exact multiple of the true 


molecular weight based on the measurement of their density. Seemingly the 


new law lets us down. 


Experience shows that some of the most fruitful advances of science have 
occupied when mere logic docs let us down. When a hypothesis fits some 
facts and fails to fit others, careful study of the exceptions often leads to 


important discoveries, The broad distinction between two classes of sub¬ 
stances, some which obey the gas laws in solution and others which do not 
appear to do so, corresponds to another broad distinction which we can make 
between the general characteristics of the common reactions of typical organic 
and inorganic substances (excluding the metallic salts of the organic acids) in 
solution. The solutions of substances like alcohol or sugar do not conduct an 


electric current and their reactions lake place slowly and usually require some 


“catalyst” to help them. The solutions of substances like caustic soda, hydro¬ 
chloric acid, or Epsom salts, readily conduct an electric current, and react 
almost instantaneously if at all. Furthermore, the passage of an electric 


current through a conducting solution is always accompanied by chemical 
decomposition, which also occurs if a current is passed through the molten 
inorganic compounds in the dry state. The decomposition of a salt always 
results in concentrating the acidic constituent where the current flows from 


the positive pole of the battery, and the basic or metallic constituent where 
the current flows out of the solution by the electrode connected to the negative 


pole. 

We shall see more clearly when we study electricity that the power of 
solutions to conduct the electric current can receive a satisfactory explanation, 
if we assume that the molecules of substances like sodium chloride break 
down, when dissolved in water, into two or more electrically conducting sub¬ 
molecules or w/w. According to this view a solution of such substances is an 
equilibrium between the number of parent molecules and the number of 
submolecules. A substance like potassium carbonate in solution is thus 
a mixture of non-conducting molecules of K^COj and conducting sub¬ 
molecules or ions K and CO3. In very dilute solution all the KgCOg breaks 
down, so that there are three submolecules for each parent molecule, and 
the osmotic pressure of one mol of KgCOg per litre is the total pressure 
exerted by one mol per litre of each of the three submolecifles, i.e. 
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it is three times what it would be if the parent molecule did not ^‘dissociate** 
At any particular concentration the discrepancy between the observed osmotic 
pressure and that calculated on the assumption that the molecule is stablej 
tells us at once how much of the molecule is broken up in this way. 

Thus the osmotic pressure of a substance hke sodium chloride can be used 
to determine its molecular weight although it does not obey the gas laws so 
simply as does alcohol. The percentage composition of sodium chloride shows 
that it contains approximately 61 per cent of chlorine and therefore 39 per 
cent of sodium. The ratio of the weights of sodium and chlorine 39:61 is 
thus the same as the ratio of their atomic weights 23 :35'6. Therefore 
the molecule of sodium chloride must contain the same number of atoms of 
sodium and chlorine. If the number is 1 the molecular weight would be 58‘6, 
and since it must break up into an even number of ions the molecular weight 
calculated from its osmotic pressure in very dilute solution wiU be 2,4,6 or 
some even multiple of 58-6. Actually the value obtained is about 117. The 
true molecular weight of the undissociated molecule is some even sub¬ 
multiple of 117. Since the first submultiple is the lowest value (686) it can 
have, this must be its molecular weight. 

(b) The Law of Equilibrium (or Mass Action).-The classical philosophers 
spoke of the principles of love and hate when we should refer to attractioa 
and repulsion in mechanical occurrences. Remains of this anthropomorphic 
conception lingered in the ideas of chemical affini ty which nineteenth-century 
chemists inherited from the alchemists, A reaction occurred because the 
reacting substances had affinity for one another, and decomposition was an 
American divorce. Like the Aristoteli an doctrine of gravitation this is nothing 
more than an obituary notice on the fact after it has occurred. The business 
of science is to tell us how to make a reaction occur. 

Early experiments on respiration put the issues in a more tangible form, 
though it was long before they were clearly understood. In Priestley’s experi¬ 
ments the bright red oxyhaemoglobin assumed the dull purple of venous 
blood when oxygen was pumped off. Venous blood reassumed its bright 
arterial colour when shaken up with oxygen. If he had noted the change more 
carefully he would have observed that the change in colour is gradud. After 
the pressure in the vessel has been reduced to a certain point there is a corre¬ 
sponding shade of colour for each further reduction or increase. Hence the 
direction of the reaction depends on the quantity of reacting substances. 

Other early enquiries point to this. Blad showed that when chalk is heated 
it becomes lime through loss of carbon dioxide. The lime is water-soluble, 
and lime water itself deposits chalk when COg is passed into it. We can put 
for the reaction m the lime kiln, 

chalk -> fixed air + fime 

The reaction in a beaker of lime water is: 

fixed air -f lime ->• chalk 

What is it that decides whether we make the arrow point from right to left, 
as it occurs in the lime kiln, or from left to right as in the beaker of lime 
- -- - 5 
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water? There is clearly nothing absolute about the affinity of the reacting 
substances. 

Take again an analogous change. If steam is passed over heated iron, the 
iron oxidises and hydrogen is carried off in the steam, i.e. 

3Fe -f 4 H 2 O “> "t" ^^'^2 

ii'oa + steam iron oxide + hydrogen 

On the other hand a stream of hydi'ogen passed over the oxide reduces it to 
the metal with the formation of water vapour which is carried off in the 
stteam of hydrogen, i.e. 

Fe^Oi + 4H2 -> 4H2O + 3 Fe 

iron oxide + hydrogen -> steam + iron 

One significant feature is common to both examples. From tlie lime Itiln 
the carbon dioxide escapes into the air. In the beaker the challt, being in¬ 
soluble, escapes from the water. When iron oxidises in a stream of water 
vapour, the hydrogen escapes as it is formed. When tlie reverse reaction 
occurs the water vapour is carried off as soon as it appears. This means that 
to make the reaction go in the way prescribed one of the reagents has to be 
in mess. 

How much in excess is a very practical problem for chemical manufacture, 
because the yield depends upon it. A chemical reaction is like a see-saw or 
lever, wliich can swing up or down. The problem of economical chemistry 
is to find where we have to put the weight to malce it go down or up. Like 
the problem of constructing a weighing macliine, it is a matter of discovering 
the law of equilibrium, and the simple rule that nothing succeeds like excess 
suggests a more precise principle which underlies chemical reaction. Suppose 
that you heat n molecules of iron oxide with;; molecules of hydrogen 0 x 
molecules of iron oxide have been converted into iron. Since 

FegOi + ffla "^SFe +4H2O 
xFegOi 4- 4wHa -> 3jcFe + 4x:HaO 

So if no further change occurs when x molecules of iron oxide have been 
changed, we have complete equilibrium when there are — ix) molecules 
of hydrogen left, i.e. when the actual number of molecules of each Idnd is 
represented by 

[{n ™ #6304 + {y - 4a;)H2] +.[ 3 jcFe + 4H'l20] 

Any more hydrogen added will be in excess, and excess means that more 
iron oxide can be broken down, i.e. there will now be less than (« -■ x) mole¬ 
cules of iron oxide if there are more than {y — 4 x) molecules of hydrogen. So 
the quantities of iron oxide and hydrogen in equilibrium with one another 
are inversely proportional. Similarly, more steam added in excess means that 
more iron will be oxidised. If there are more than 4x; molecules of steam 
there will have to be less than 3x molecules of iron. Hence the quantities 
of steam and iron are inversely proportional. 
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If a molecules of iron oxide, b molecules of hydrogen, c molecules of 
steam, and d molecules of iron, are in equilibrium, the principle of excess 
suggests 

ah = constant 
cd = constant 
ab 

—j = constant 
cd 

To test this rule it is not necessary to be able to measure the actual number 
of molecules with which we are dealing. Suppose we have x mols of a sub¬ 
stance A of molecular weight M, since 1 mol is M grams, x mols = :k;M grams. 
Similarly,;; mols of a substance B whose molecular weight is N weigh j'N 
grams. Hence 

wtofA_3cM 
wtofB ~yN 

If there are m molecules of A the weight of A is mU. times the weight of an 
atom of hydrogen, and that of B is nN times the weight of an atom of hydro¬ 
gen. Hence 

wt of A _ wM 
WtofB” ?;iV 

Thus x~y = m-Tn.la. other words, the numbers of molecules are in the 
same ratio as the weights of the reacting substances, when the unit of weight 
for each substance is the mol. One example will show you how the principle 
is tested and applied. 

If ethyl alcohol is boiled with acetic acid, the two substances combine to 
form a fragrant volatile compound, called ethyl acetate, and water. Conversely 
if ethyl acetate and water are boiled, decomposition to form alcohol and acid 
ocaits. In either case the reaction is partial. The chemical equation which 
describes it is 

C2H3OH -f- CH3COOH CH3COO .C2H3 + HgO 

(ethyl alcohol) (acetic acid) (ethyl acetate) (water) 

The molecular weights of the substances reading from left to right are there¬ 
fore 46,60,88,18. Experiment shows that when 46 grams of alcohol (1 mol) 
are heated with 60 grams of acetic acid (1 mol), combination continues tiU 
16| grams of alcohol (| mol) and 20 grams of acetic acid mol) are left. 
Conversely if 88 grams of ethyl acetate and 18 grams of water are heated, de¬ 
composition occurs until 68| grams (I mol) of acetate ancf 12 grams (f mol) 

of water are left. The end resultis the same, i.e. we are left with 

I mol alcohol -b | mol acetic acid | mol ethyl acetate +1 mol water 
Applying the principle of equilibrium 

constant=ii 









,04 Scienci for the Citizen 

it six fuV i*> Uix, itti experijnent proves, we can now deduce what yield wc 
• hail I’ft ii ’>'‘C i "d IdiJ }',r,itns or li mols of acetic acid with 1 mol of alcohol, 
it i'f caih cittstbine, we have (2 x) mols of acetic acid, (1 •“ x) mols 
vi a!ci 4 it 4 , X tit aertate .md dI' water at the end. ’rids will be the end of the 
u -f-tmn if 

x.x 

ie. sc I» 0 * H*i 6 

llrutt aiuiiibrinw occurs when O-H-lo mols of alcohol and acetic acid have 
I onshinnl. 'i'hus the yield t)f acetate for the same quantity of alcohol is mo 
ami a half tituc’' Kt^ui as when an cqusd amount of acetic add is used. The 
rule ihm’dliie tells v<ni limv much acetic acid is required to make the best use 
i.fii lixed quaiitity of AM or Itmv much alcohol must be used if we have a 
limited ouantiiv ol' at die add from which to manufacture ethyl acemte. lo 
•ir.plv it to anv rrauion, it is only necessary to make one exact analysts of the 
uuanlisies of ail the ini'.redidits, ivhcn the reaction has gone on till no lurthcr 
dtanyc trcdirs. iimn the ligurcs tditained, we can then deduce the value 
,-,r the Vmist-,inf which isch.uMctcristicof thc particular process. 

It i*. iilicn 5 v( tell how a reaction will proceed without dctcrmmmg 
iff aciitd wtiue of tlm ciiuilihriutu constant. If one of the constituciUs of a 
tr R tion is ram.vcd as the re.tLiion proceeds more of anotlicnnust beformed 
tti’krfp ail the rroaiu ts in profHtr proportion, lienee combination or decom- 
mitinu umtiimcs till one oJ the essential ingredients is used up. This at once 
[xi'ldus wltv m the early commercial preparation of alkalis the reaction 
hm \'ulptmric a- ui ami ci>nimon salt proceeds as Mow: 

liKaii .► NaaSO^d-SHCl^ 

Whejeas the icadimt kit^ren barium chloride and sodium sulphate proceeds 
Bai l, . Ka..KOj ^ BaSO^ j f 2 NaGl 

Tn Ihr irmmm HCl fcjuoves itself, because it is vokiih i.e. a gas. More 
Midium suipluie has m k furnted to take its place till all the sulphuric acid 
^ uM m In fhc seemtd rcadion, Barium sulphate removes itself, because 
it is irncm V more -mdium chloride is continually formed to take its place 

r«cipi..«l. 0 . .t 

iturcs it is slid possible to carry the reaction to compleuon if the end 

13 . "toiria to. ma La boiling point ttan tte ote ^uid xoagent. 
lor Isiimplr, in (itaba’« tttBion for the ptepaBtion of mine md. 

NnNW ; H,SO. N«HS0, + HN0d 

ihe mijiute ii hawa Btnlly » diire off *o t'’'?' f 9’ 

, I ' I "to 1 4* n iwiiffl till the ptocese i» completed. 
rfnVlt L-aS the time when Mendel end Pnrwin were 
ittentinn -n the pmblem of evolution in Uvmg otgamma,. 
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generalization which has an important bearing on the evolution of inorganic 
matter was put forward by Newlands in England, by Lothar Meyer in 
Germany, and by Mendeljeff in Russia. It is called the Periodic Law. 

Before evolutionary ideas in chemistry or biology could take root, a 
thorough reclassification of the differences and similarities of the various 
species of inorganic and living matter had to be accomplished. In comparing 
the properties of the elements and their compounds, certain similarides were 
recognized very early. For instance, the metils sodium and potassium attack 
water liberating hydrogen with the formation of a soluble hydroxide. Unlike 
most others, the Mee metals calcium, strontium, and barium form strongly 
nllrfllinfi oxides which dissolve to form soluble hydroxides like those of sodium 
and potassium. Unlike sodium and potassium, and like most other metals, 
their carbonates are insoluble. The non-metallic dements chlorine, bromine, 
and iodine unite with hydrogen to form strong acids, the salts of which are 
with few exceptions very soluble in water. 

Thus there are clearly recognizable families of elements. One feature 
characteristic of some such families is that their members have the same 


mkney. Most elements have a specially characteristic combining wei0t, of 
which the atomic weight is some simple multiple. This multiple is called the 
vdmy of the element. It has been defined as the number of atoms of hydrogen 
which can be replaced by one atom of the element, and, broadly speakmg, 
corresponds with the number of atoms, of oxygen with wHch rw atoms of 
the eleWt combine in its oxides. Thus sodium and potassium (oxides Na^O 
and K«0) have a valency of one; calcium, strontium, banum (oxides CaO, 
SrO, BaO) have a valency of two. Nitrogen and phosphors 
NA aLp A coritspomlmg to the mtric aad ph^hrac aa^. to 
the valency five in these. In ammoma and phosphme NH 3 , PHs, they h 
flaS rfte. » dement fbtma two series of stable compomds 
L whi* its valency is difieienli the two valencies nanahy add up to eight, as 


iU WXUVM AI.U --- .» 

“menTLrnic weights of a 1^ nnmbB otto e^eto 
with compamtive accuiacy. it began to be sea that tte 

iStodmembe^ of atorily vaty wiAto 

weight mcreases. Barium sulpnate is mgmy dissolve. We 

very slightly soluble, and Aat J silver salts of hydro- ' 

see a correspondmg regularity mm Mtest of the three 

chloric, hyd»btonnc,andhytotoMd»™^ 

elements chlorme, bromine, lodme. ^ ^ 

Iodine i, the heaviest - m *to i„&e A.W. 127) a 

(A.W. 35-5)i8 a gas, bromme (A.W. 71) anquiu, 

solid at ordinary temperatmes. therefore suggests a regular grada- 

A preliminary survey of: to t^ Lperdes of these compounds 

tion in in order of their atomic 

when dements of the same ^®^y,f^es Lajaliel columns,so spaced 
weights. It was a short step to plaee ^ fiom left to right 

that the atomic weights increase uniformly along tne 
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as well as down die columns from top to bottom. For instance, if we take 
the first fourteen elements known in the middle of the nineteenth century, 
excluding hydrogen, we can arrange those witli tlie same valency in parallel 
columns, as follows: 


1 1. Litliium 

6-9 

Sodium 

23*0 (Potassium 39-1) 

i ‘ 2. Beryllium 

9'1 

Magnesium 

24-3 (Calcium 40*0) 

3. Boron 

10-8 

Aluminium 

27-1 

4. Carbon 

12-0 

Silicon 

2S'3 

6. Nitrogen 

,14-0 

Phosphorus 

31-0 

, ! 6, Oxygen 

16'0 

Sulphur 

32-0 

; 7. Fluorine 

19-0 

Chlorine 

36*6 


) The resemblance of any element in tliis first set of sixteen is much greater 

ii I towards its twin wMi tlie same valency than towards any of tlie others. Thus 

litliium, a metal wliich is present in a few rather rare minerals (e.g. petalite), 
decomposes water like sodium to form a soluble hydroxide. Silicon, whose oxide 
i SiOg or silica is the chief constituent of quartz and sand, is unique in forming 

. a large number of compoimds corresponding to the organic carbon compounds 

; i dealt with, in the next chapter. Fluorine, like chlorine, forms a very strong 

] I acid with hydrogen. Boron is not a metal, but aluminium has characteristics 

I ! which are not typically those of the common metals; its oxide is botli feebly 

■f ; basic and feebly acidic, forming salts like aluminium silicate (the cliief 

li ; constituent of clay and felspar) and sodium alurainate (on account of which 

J ' it is corroded by alkalis). In order of atomic weight the fifteenth element 

■ I would be potassium which rightly falls next to sodium, and then comes 

■; - calcium which has more in common with magnesiiun than with the others. 

I Proceeding in this way we can arrange the elements known at the time of 

I Mendeljeff in columns headed by lithium, beryllium, etc., arranging the 

I columns in order of atomic weight with the heaviest at the bottom, and 

I ' leaving gaps so that the atomic weights increase regularly from left to right 

as well as from top to bottom. This is what Mendeljeff did, making an 
eighth column for a group of metals including iron witli no representatives in 
the higher rows. The importance of the arrangement (p. 4B7) was shown 
by two things. The first was that in several cases of rare elements, e.g. indium, 
which were little known at the time, the assigned values of the atomic weights 
were wrong. To fit them into tlie table they had to be given atomic weights 
wliich were different multiples of their combining weights, as afterwards 
confirmed by more thorough investigation. The second is tliat the gaps 
began to be filled up with elements previously unknown, and the table 
assisted in their discovery by directing attention to their outstanding proper¬ 
ties in advance. 

^ The discovery of the heavier “inert gases” illustrates this use of Mendel- 
jeff’s rule. During an eclipse in 1868 a new element was detected by a promi¬ 
nent orange line in the .spectrum of the sun’s atmosphere. Since it did 
not correspond to that of any known element it was called Helim, In 
1882 it was again recognized hi the flame spectrum of Vesuvius—this time 
on our own earth. About 1894 Ramsay took up a problem which had been 
raised a century earlier by Cavendish. When 0.., CO,}, etc,, have been 
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Ui«H5 uir fhc rt**.idual nitrogen is somewhat heavier than nitrogen 
ptcp,ircil t'o’ni nitiatc*. Uihmi I j^er cent). If this residual nitrogen is removed 
hy o’-caiis ul iiiijme- itiin mul quicklime (or sparking with ()«to convert 
tntito otiilr, whkh are easily absorbed) there is a residue (about 1 per cent) of 
u hc.ivier inert ftas which KiauMiy called ar^on. On examining the “occluded 
nitrogen'* of ra’dioacuve minerals, Kanisay found it was mainly composed of 
usuither inert gas whose spectrum proved that it was the sun-elcracnt helium. 

'! tn-sc wo elements did not fit into the existing Periodic Table. They required 
a fidi' n^lmn in whidi, ]'rcsumably> other as yet undiscovered elements 
cuiuld iit, A scanh tur {hem was made, and it was thought that traces of 
ilicm «)ic,ht be presenf, like argon, in air. ^Subsequent liquefaction of air led 
lo flic liHiiig ‘’t tk* 111 the new column hy a class of five gases, helium, 
netin, argon, ktvptnn, and xeiam. All of these gases can be prepared from 
liquid ;dr. llehum is ako oiMainahle in the gas from certain springs (e.g. 

H m lu pel cent at .S.int^'iriyl, or liypiilvcri/ing certain minerals,e.g. monaxite 

liSilvl ... t 

Uclhim 1 . the ‘.ft Olid li'ducst element, being only twice as heavy as 
livdroAm dMis a Mxth as dense as air. Being neither inflammable nor 
uui.v ivc it is sisci.dly suitable for dirigibles. Several recent disasters have 
ic'ulfi'd lima titc triminal irresponsibility of using hydrogen. Argon being 
inert is -.Fciully omMuI for Idling electric bulbs, since it does not wear away 
tPe hut, filatiscui. 'llic other inett gases have recently assumed a prominent 
lik in i-vri vd.iv iiic as ativenising signs. If a minute quantity of an inert gas 
), pot io a vsiumimi ludb u char!ictfri-,tic coloured glow is obtained when an 
cltMric Linrcn! is {:r.srd through it (p. 7(51). Argon and helium give white 
md gold, Htul neon a briiliani orange red. With the addition of a trace of 
Isa-Mit V wq'iotr ii blight blue re- ults. If this is filtered tlirough uranium glass, 

.i creeu licht ‘-s <4 t,-iii‘ d, , 

Wlwn tbs* ivuodic I aw w.is put forward there wcre^scveral conspicuous 
I'.iPs in the uu'ldh’ oi the t.dde such as those now occupied by sandium and 
Jj’lmm iu tk ioO'is alumtuimn family, and by germanium m the same 
.imilv as i.rU-u ’ dium. Thus In k7U it was possible to prescribe die 
icllosum' pfoitnsw- ot im imknown element (then called “cka-sihcoa ) wit 
A.W.abou!72;'qHO!i.< gravityahmtrHl; of greyish colour; formings 
• hvhtlv btiMc osnl' Ktl- decomposed by bodium and having a specific gravi y 
■1 -7 - iommtg a i bd»udo K< with knling point just belowthai of water and 
b::. r^ itu- r.uvitr, ‘i «liJ (teiJeXF., and an alkyl dmivam 
X c • ii. ‘ iHiilmg 4 ! loo .md very sligjitly below the specific gravi^ 

All ,;i I'h,''.- «w rroi«h raliKd by the Jiscowty ol Gcmanium (A.W. 

VljafCi m lisk'. 

Tl,^ ,vH I, Mtnariicir a,ui.«inu'J is only ll« cerra of o more ptedK 

t-r- 11 ’V. ‘■t.iird bv him it a;v.eris that the {uoperties of the cicraems 

i rods arc a function of their aims weights. When 

r >i‘ r' -r m ik for mam% which were current m lus time, 

' ; ou 1 8 which do not fit perfectly. According to 

\ ,.0 • !„ lae r!tr next ekment after argon reading the table from 
t "k- »• >■»««pdooofu.o.oteo pai,. 
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(argon-potassium, tellurium-iodine, cobalt-nickel) the 90 odd known terres¬ 
trial elements form a coherent series in conformity with Mendeljeff’s original 
declaration. The present position is that the properties of the elements and 
their compounds are clearly a periodic function of some aspect of the size or 
complexity of the atom. This complexity is in some way very closely related 
to atomic weight. To discuss it in greater detail would carry us beyond the 
allotted task of this book. 


BEYOND THE PERIODIC UW 


The atomic theory embodied in the Periodic Table of the elements is the 
basis of nearly aU calculations essential to the conduct of modem chemical 
manufacture. Theoretical chemistry is once more in a state of active growth. 
New knowledge of electricity and of X-rays (see Chapter XV) has led to the 
conclusion that the atoms of chemical manufacture are themselves compounds 
of smaller particles. Nineteenth-century chemists succeeded in making a 
working model of reactions used in chemical industry by showing how the 
more familiar properties of substances are related to the number and arrange¬ 
ment of atoms in the’molecules or free particles of gases and solutions. 
Twentieth-century chemistry is making models which show how the periodic 
properties of atoms of different elements depends on the number and arrange¬ 
ment of sub-atomic particles. . L 

The sub-atomic models of to-day have been suggested by discoveries about 
the radioactive elements, the conduction of electricity through gases and the 
production of X-rays. Radioactive elements, such as radium, ur^um, md 
the thorium of gas mantles, have two outstanding pecuhanues. One is that 
their compounds are photochemicaUy active, i.e. can blm a photograpke 
negative in the dark. The other is that they can msa (p. 761) gases, i.e. 
discharge a neighboming electroscope without cmt«. The first phemm^ 
occurs even if the plate or film is enclosed in a black cai*^ bos. So 
Sp^etbing which wffl pcnelmte opacpie objects, 

K^momL ate afield b, imning. by a^ghbonimg magnet, 
^“tesena of elecfiM bodies, dito. What fbey pve np is 


iUiU uy UJV -- - 

of mdioaedve substances can thus be spHt into to ^ 
One fraction can be eliminated by screening with a sheet of paper. It is 

spectroscope shows to ttey^^ e ^ 

helium atoms in a glowing ^ . L m by the 

more penetrating. VY^l^Srplate t£ suggests^that it is made of 
presence of a dectrons (p. 763) are 

negatively electtified particles. These 

much smaller than any atoms. The third Mon is p _ 
not deflected by the present beam into bright and dark 

Just as a diffraction gratii^ eP^^ 

bands, mineral So it is possible to assign a 

"^^S»:.yspa.itt.bgbt,to^ 
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H wave-Iciigtli than the ones near 

ihr vilc’t enJ ut' ihc vi-^iWc speclnint. _ 

I iVr *v |■u^>•J tlMt.>lvtft tardial paM will conduct dcancity suppUed 
„ h! 1. v,Lc, roc c«.»m sivcn in Chapter XV. this is te the« 

(J'm hinted pas I’ccjt up htw electrically charged pirticles, of which the 
il'hve ones Mecirnns) are of much smaller dimensionsttan thc atom itsoE 
'itirn the siicam of eKitons in a ilkliarge lube (pp. ’W-iW) sBika a 
Mir'ahc* ninito-avtivc ituixhii; raaiaiions ol’ sull smaller wave-lengtli ^ 

I wim rl.!; are emitted, The wavc-tagths of UiCK X-rays differ nccordmg 

I nv ,1 th- X-rays which they emit With the mmibcr (N) 
'“r; 3 mi, .r .. .Ihou m. the lisr. The product WN> is tad. The 
ii .1 the elements in this Hst ,s nearly the same aa 

htVtm'itinn when urMiM^ca in usa-nding order oi atomic weight. wly 
ih rSiit dv ctuHU'.iial pairs furnon potassium, etc.) of the 
:™ »•' to the rolediarthc pro- 

r ^ 1 Ilr 'eiem-iiu. aic a retioJic I'uncihm of their amm mim. 

1 . '. i lure Cheocs of phenumeoa. Ifct, the positive^ elccmlied 

’f h3t3v «m.rby comparison, die positively charged 

" ' '*■ I ■itram.r.reimaielvas heavyasatomsofthesarae gas.itedly, 

:t:rx ivi ^ «s..« r«f«** 

,3;) 'a * .LI. My emmecea with to atomic «.ght, and atdl 

with the new theories^ 

,«ly whole homo ctcmeito an ^The 

atomic *"S'® " ■ >,, I jiifuaim into two such ftacuoiB. Ite 

uii < SCI Jtattd I! ; jy tornguishaWe, 

diilereiit densiw. ,, f„ aether is like a 


d,Here,It de»i». , f,as ,oBethcr is hke a 

Due atomic mml 1 pteaty elecWM revolving round 

ctbtial sy,i» »i h ““ iaj ige balanced by the total 

X- n^ h« com^a^l of smata po.nve 


flTju'ool all the pianimip- '=*""**“*;*‘ jjct positive charge 
prneb ‘r''''T* 3 over the nucl«eitcttons. If the nnmte 

niriopimii mlheeicoanlp r ...jm. and nlanetaiy elections must bt 

01 m. .n,c IS f. the mial noMto "f The 

I,,1 ikrcl’'"'«lT 3 Sot^Kber W of 
weight 111 ilK ptanto OTtcapondi to the nnmte 

pmtimi 111 the novliM. ™ doctroai, and thctefoie to the mmto 
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eight periods of atomic numbers the maximum number of electrons in an 
orbit is supposed to be eight. The chemical properties of an element are 
supposed to depend partly on its atomic weight, and more especially on the 
number of planetary electrons. From all this it follows that wo atoms of 
different density, like the chlorine isotopes, may have the same atomic 
number, and therefore similar chemical properties. Conversely, they may have 
the same atomic weight and different chemical properties. 

The discoveries of the last thirty or forty years do not diminish the useM- 
ness of the older theories in their proper sphere. They will long continue to 
be the basis of chemical industry. That the elements of Avogadro’s theory 
may be made up of atoms of slightly different density is not a surprising fact. 

A physical anthropologist might divide the employees of an American railway 
into negroes and whites. Everyone would know what he meant. From Ms 
point of view, negroes and whites constitute definite units. An educationist 
might divide lie same lot of employees into college graduates and non- 
graduates. A sociologist might divide them into trade unionists and non¬ 
union labour. .Again, everyone would know that the educationist and socio¬ 
logist were describing units of human population as definite as those of tlie 
ethnographer. Only eugenists would be surprised to learn that some negroes 
are efc graduates, and some white men are blackleg. M element of 
nineteenth-century chemistry was a collection of materials from different 
sources classified from a definite point of view. It had certam characteristics 
of state, hardness, elasticity, conductivity, heat capaaty, colour, fom, 
odour and so forth. Less attention had been paid to its behaviour m the 
orMpectrometer, and its reaction to X-rays or to eteons had no 
I ^ flt all Such were the limitations withm which the element of 
St c* enf^’ckW as a unit of matter lAom the 

Snnint oSology a ne^o is a black man with curly hair and Mick hps. 

rlTbe aSversly graduate from the smndpoint of aneducauomM 


mde irniomi or i; 7- 

from the^standpoint of the was circumscribed by 

UmitaPons of two kinds, ncsia limitations due to the 

used for distmgmshmg demen ^ 

choice of the materials smdied Thp 

the behaviour of “latter m the gas^ solutions, and reactions which 

tell us much about rea^s^ e e ^ ^ of vapour, it could tell us 

occur at the surface of . t. gjye us a model showing how 

nothing about the make-up Pf * give us a modd showing 

ozone differs from otdf ary ^ J studying 

how coke differs from model of Me way in wMch the 

the wave-length of X-rays has oo the 

particles of solid substances we sp • ^ solid state 

LengMandharcMessofma^^^A^^^^^^^^ 
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Mesopotamia and the Nile. We may use ±e new chemistry to build a new 
life for mankind or the old chemistry to exterminate the human race. 

EXAMPLES ON CHAPTER IX 

1. If 100 c.c. of carbon monoxide measured at standard pressure and tem¬ 
perature are burned in 600 c.c. of air, what will be the volume of the residual 
gas measured (a) over mercury, (6) over a solution of caustic soda or lime at 
S.T.P.? 

2. If 600 C.C. of chlorme and 200 c.c. of hydrogen (both measured at 3-T.P.) 
are left to combine in sunlight, what will be the final volume of residual gas 
measured over paraffin at S.T.P.? 

3. If 500 c.c. of ammonia (NHg) are mixed with 600 c.c. of hydrochloric acid 
gas (HCl), what will be the volume of residual gas measured first over paraffin 
and subsequently over caustic soda? To what do you attribute the presence of 
a cloud of white particles in the gas? 

4. What will be the residual volume of gas measured over a drying agent 
at S.T.P,, if 400 c.c. of hydrogen are exploded with 600 c.c., 760 c.c., 1,600 c.c. 
of air (21 per cent oxygen) at S.T.P.? 

5. In a graduated cylindrical vessel of 10 sq. cm. sectional area 200 c.c. of 
hydrogen are sparked with 126 c.c. of air over sulphuric acid (specific gravity 
1 ■ 8) at atmospheric pressure (76 cm. mercury barometer). The residual gas after 
absorption of water vapour by the acid measures 260 c.c. when the cylinder is 
depressed till the fluid is at the same level inside and outside. How high did 
the sulphuric acid rise in the cylinder after sparking? 

6. Given that 1 mol. of any gas occupies 22-4 litres at S.T.P., compare the 
values of R in the equation pv = nRT, 

(a) when the units are atmos and litres. 

(b) when the units are dynes per sq. cm. and c.c. 

(c) when the units are cm. mercury and c.c. 

7. The relative densities of prussic acid, which is a compound containing 
hydrogen, carbon, and nitrogen only, and of carbon monoxide (formed by 
burning excess of carbon in oxygen) are respectively 13- 6 and 14. What are the 
only molecular formulae consistent with these figures and those for the atomic 
weights of the elements in these compounds? 

8. Two oxides, one of carbon and the other of nitrogen, both have the same 
relative density of 22. Give their formulae and calculate their percentage com¬ 
position by weight., 

9. The relative density of sulphuretted hydrogen is 17. It is twice as dense as 
ammonia. What arc the only formulae for these two substances consistent with 
the knowledge that one is a compound of sulphur and hydrogen, and the other 
ofnitrogen and hydrogen? . 

10. If 100 c.c. of carbon monoxide (GO) is burned in a closed space contain¬ 
ing a litre (1,000 c.c.) of air and quicldime, what is the final volume of gas, and 
its percentage composition by volume? The air may be taken to contain 21 per 
cent oxygen by volume. 

11. At MO” C. an oxide of nitrogen which has a deep brown hue is found 
to have a relative density of 23. When it is cooled below 30” C. it becomes 
nearly colourless pd progressively more dense. Its relative density approaches 
a value of 46, as it is cooled further. Analysis shows that no free nitrogen or 
oxygen are present. What conclusions do you draw? If the relative density at 
28”G. (referred to hydrogen at tire same temperature) is 39, what is the com¬ 
position of the nearly colourless gas at that temperature? 
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12 . Find the formulae of the following substances from the vapour density 
(V.D.) and perceiitage composition by weight as given below: 

(a) Nitric Acid V.D. 31'6 Hydrogen 1'6, Nitrogen 22-2, Oxygen 

76-2 

(J) Ammonia V.D. 8-6 Hydrogen 17-66, Nitrogen 82’35 

(c) Chloroform V.D. 69 ■76 Hydrogen O-S, Carbon 10, Chlorine 

89-2 

((i) Acetic Acid V.D. 30 Hydrogen 6>7, Carbon 40, Oxygen 

63-3 

(e) Glycerine V.D. 46 Carbon 39, Hydrogen 9, Oxygen 62 

if) Formaldehyde V.D. 16 Hydrogen 6*7, Carbon 40, Oxygen 

63-3 

(g) Acetone V.D. 29 Hydrogen 10-3, Carbon 62■ 1, Oxygen 

27-6 

ih) Methyl Cyanide V.D. 20 • 5 Hydrogen 7 ■ 3, Carbon 68 • 6, Nitrogen 

34-2 

(i) Carbolic Acid V.D. 47 Hydrogen 6 • 4, Carbon 76*6, Oxygen 17 

13. After continuous sparking through 100 c.c. of pure oxygen, the smell 
of ozone is detected and the volume is found to liave contracted to 98 c.c. 
Ozone, unlike oxygen, is absorbed by turpentine. When shaken with turpentine 
the gas occupies only 94 c.c. and the smell of ozone is no longer detected. 
How is tWs explained? Use your explanation to calculate the percentage ozone 
content of a mixture of which 100 c.c. expand to 101 c.c. when exposed to 
platinum black which decomposes ozone. 

14. If 1 gram ofhydrogen at 0°C. and 760 mm. pressure occupies ll’21itres, 
how many grams of sulphur must be burned in 60 litres of air to absorb all the 
oxygen in it? 

16. Illustrate die laws of reciprocal and multiple proportion by the following 
analyses giving percentage composition of chlorides, oxides, sulpliides, and 
hydrides. Give the combining weight of each element taking hydrogen as 
unity; 


Substsnee 

Hydrogen 

Ojiygen 

CUoi'inc 

Sulphur 

Metal 

Copper oxide 


20*1 



79*9 

Water . 

11*2 

QO 

GO 

OO 




Magnesium oxide .. 

_ 

39*7 

..w. 


60*3 

Iron (ferrous) oxide 


22*2 

__ 


77*8 

Mercury oxide 


7*4 

: 


92-6 

Hydrochloric acid ,. 

2*7 

— 

97*3 

, ; 


Sulphuretted hydrogen .. 

6*9 



94*1 


Magnesium cMoride 

_ 


74*6 


25*5 

Copper chloride . . 



62*7 , 


47*3 

Silver chloride 

■ 

— 

24*7. 

■ 

76*3 

Mercury sulphide .. 



— 

13*8 

86*2 

Silver sulphide .. , . 




22*9 

77*1 


16. The density of a substance is found to be 38 times that of hydrogen at 
the same temperature and pressure. Its percentage composition is 84-26 per 
cent sulphur and 16*76 per cent carbon. What is its formula? , 
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17. One mol. of any gas at S.T.P. occupie;; 22-4 litres. 11' tlie fornmla of 
potassium chlorate is KCiO^, what weight and what vohinie of oxygen tit K P C, 
and 750 mm. pressure may be obtained from the decomposition of 20 gratus 
of it? 

18. The molecular weight of ammonia is 17’d.'!. Taking the atomic weiglrts 
of hydrogen, nitrogen and oxygen as 1,14, and 111, tissviming thiit the mokcule 
of each of them contains two atoms, and taking the percentage of vwygeri in air 
as 21 , what is the density of ammonia referred to air? 

1!). The percentage composition of an organic compound is hydrogen IMi, 
carbon 40, oxygen 58• 3. Half a gram gave 327-ti c.c. of vapour at 200 ' C. and 
750 mm. pressure. What was its molecular formula? 

20. If 80 grams of gas given off from the electrolysis of water oampital 
(iO litres at 17“ C., what were the partial pressures of oxygen and hyiiiogcii? 

21 . What volume would 40 grams of oxygen occupy at 2 aimospltercs pres¬ 
sure and 27“ C.? 

22 . What pressure would 40 grams (if cane sugar dissolved in 1 litre exert at 
27“ C.? 

23. The formula of urea is At 10 “ C. the osijiotic in'esrnire of a 

water solution of urea ia 500 mm. of mercury. If the solution is diluted to 10 
times its former volume, what would be its osmotic pressure at Irr'd.? 

24. The osmotic pressure of a solution of ()■ !h 4 gram of urea in loOc.c.ttf 
water at 30'’ C. was found to be 50 cm. of mercury. Calculate from thiti its 
approximate molecular wciglit. 

25. A solution of 1 mol of potassium bromide (Klir) in H litres of water «t 
25" C, is 82 per cent tiis.sociatcd into ions. Wliat is its ostnotic pressure? 

2(1, A solution containmg 1 ‘ 1) mols of calcium chloride (CaCI,) is in osmotic 
equilibrium with a solution containing 4-05 mols of glucojic. If the formuht 
of glucose is CflII,,, 0 ,j, what is the percentage ionic dissociation of the wit ? 

27. If 1 inol of'acetic acid (C.jl IjC)jj) and 1 raol of ethyl alathol (Cijll/)) 
are heated in the presence of a catalyst tlte reaction proctetls till 1/3 mols 
acetic and 1/3 mols alcohol remain. If we start wiili {a) HD g, of aciii and 
1)2 g, of alcohol, (li) (10 g. of iscid, 4fl g. of alcohol and 18 g. of water, (c) 88 g.: of 
ethyl acetate and 54 g, of water; how much ciltyl acetate will be forjned after 
long boiling? 

28. Iron mdst&immictaranxling to the''equation'* 

■ ■ 3Fed-4HaO-l’e;,{\-f 4 H 3 

In an experiment die partial pressure of steam and hydrogen in equilibrium 
at 2 t)(f C. were 4‘(i an, and 115 *11 cm. (mercury) respectively. Wliat Is ilie 
pressure of, hydrogen in equilibrium with it, when the partial pressure of the 
steam Is lb 7 an.? 

29. If iron is heated at 200“ in a closed ve.sscl with steam at a pressure of 
1 atmos., use the data of the last ewmpic to find the partial prcisures of stam 
md hydrogen, when no fujtlicr reaction occurs. 

30. Amyl tileoiiol and tricWoracetlc add react to form amyl trichloracetateis 
follows; 

ca3.cooI^^ CjH„oE-ccii^:t)oq% 

At 100“ C. a mixture in equilibrium contains 3*84(1 mols amyl alcohol, O'filSW 
mols icid End 2*Ill mols of ester per litre. If it hid stttted with I moi of 
acid and 4*48 mols of akolol in 038 c.e. at what would be iti com* 
positicra at equilibrium? 
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31. At 2Uon ' l b uo.dfi' .aTsTifi'ijdieric prcr.Mirc 1*8 per cent of carbon dioxide 
is bi'uki-a dnwn iact usii-im and carbun monoxide as follows: 

2f'0,, 2{ :0 0,, 

Wii.'st the equilibitimt cemyauf (tf the reaction at that temperature expreased 
in pirymrcs (aimos.’s' 






CHAPTER X 

llili lAS'r RliS'riNG PLACE OF SPIRITS 
/I Pkmned Ihmomy of Carbon Compounds 


TiU- cheni'nial intiustry-^Rtis manufacture—followed irame- 

iii,t'riv upi’n tin* intniiltiditm of and as a source of power and the utilization 
c.mI i'mi' (!iemlhir;’i-‘d operations, im\ gas itself is a mixture, mainly of 
l.iui it'.llini;'.!;'.' m wo-oMtUietus in varying proportions of which the following 
luHiKs snav U' Ml-m as fvpical: hydrogen fiO per cent, methane (CH,i) 

'til i.l<r ^nit r-vUm uiun.ivide (Ct)) Id per cent, and various hydmarhom 
luJi'as d v.Hr,.' (CJIJ i” per amt. The residual content 

itivluiK'. v.iriitu-. otiirt j',.i',rs, such as ammonia (HH.,) which is now removed 
idr niamif.t.imr la nm.f.eiunis fertilizers. What is supplied as "coal gas*’ 
i tiot ii'.v,!-,', t!i!‘ pa - is emitted from coal when heated. It is oltcn 
iuivrd «,uih' r r, prcparctl in' passing Steam over the residue or coke 
\s\)\ h !N 1"’.: aii.’t' fisc ui.!i I’.as has Itccti distilled off. When steam, which 
uM.!r. is pasvvi over tokc (which is comparatively pure carbon) 

’ll hir 4 meiailk jistide. An inllarnmahlc mixture of hydrogen and 

, iji'>>n r- pjoJuced thus: 

ILtVhC -Hj i-CO 

*1 !>- intoshn tinu nf i.sit [troduced 'a profound change in what the biologist 
V *11 tur» .n' rc-lations of mankind. Stora of dead organic maternd 

i.ac ‘.uktmnri l.lr puHlucts of living orgamaras previously used as fuel 
f.r tluE^oal ttf as illiiminants (tallow, to»wax, wliale Iflis ms- 
n'i.,rjiinu was uni^l ftirther by the emergence of two other mdustrics, 
-.Mle uil -Hl'v and Amnkatt ixmlmn (IHfiil). The distillation of shale 
linnr.h^-d'a vnlrcr ut mis and lilummatm, lubri- 

. .|ia>g mid w.txn. ‘Tficse .superseded the use ol ammal and vegetable 
t us i mm aude iHHoimm, in addition to volatile oils which proved to be 
iMuv.ttam in the later devclupineni of the internal combustion or gas 
:,,,,ne. v.v,dn.es, solid v. 4 xes, and pitdi for road making were also obtained 
lu the im:,miime other uses had already been found for poal itself. Besides 
i!,r iMs dr.nikd over and the uikc remaining when coal is heated, vapours 
.ul, {h.e m and containers after coohng. 

'j hr audr msihm winch condenses fir.st is cdled coal tar. lo . . J 
its ;m>^cat.m,c was regarded as an incidentil nuisance, because it diruc 
ihr t hrmhfs were .set to work on it, at first more in the 
• J u th ui uf using it. l«al tar is now the basis of the great ctol 

m' dvn, dninfeemnts, modem explosives, 
drtrn iiitd svmhdic By heating, it can be separated mto fractions 
.t v.! mhts. The light Oil which ^ 

IS mandv a mixture of suhsianccs known as bmme, tom^i ana 
‘vvirn,-. U\( .Middle (hi is a mixture of which the chief constituents are 
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phenol or carbolic acid (as we call it in domestic use) and naphthalene (moth 
balls). The Heavy Oil composed of substances cdled cresoh is used for 
winter sprays in fruit culture. Anthracene Oil, the least volatile fraction, is 
so called because it is mainly made up of a substance called anthracene. The 
final residue is pitch. This is now an ingredient of asphalt used in road 
making, tlic technique of which had continued unchanged in essentials from 
Neolithic times till the introduction of coal. 

The chemical study of the coal tar derivatives found in these fractions 
and of compounds easily derived from them progressed rapidly after the 
’fifties, when Perkin discovered how to make a cloth dye, “mauve,” from 
impure aniline. Till then the dyeing of all textiles had been carried out with 
plant juices like madder, “grain,” or indigo, and animal excretions like the 
Tyrian purple of antiquity. In 1868 two German chemists synthesized 
“alizarin,” the colouring matter of the madder plant from anthracene. Within 
a decade the madder industry of France was ruined. The synthesis of indigo, 
then a vegetable dye imported from India, soon followed. Several thousands 
of these synthetic dyes are now produced. 

Traditional medicine succumbed in the same way as traditional dyeing. 
The old herbalists had relied exclusively on the native products of the living 
plant to concoct preparations sometimes with genuine but more often with 
supposititious benefits. The manufacture of useful antifebrile drugs, phena- 
cetin, saliqlic acid, aspirin, and antifebrin, followed as soon as the chemical 
constitution of the simpler active constituents of medicinal herbs had been 
estabUshed. A new class of more powerful explosives, of which trinitro¬ 
toluene or T.N.T. is an example, emerged as another by-product of coal 
tar chemistry. The antiseptic properties of cod tar st^nulated s^ch for 
new antiseptics of which crude “carbohe aad’ was one of the fet to be 
introduced. Today coal tar is the source of spthetic scents, synthetic anti¬ 
septics, anaesthetics, synthetic narcotics and soporifics (like veronal), ej 
S“4“Uetic i, .s weU as the ™mou» vanety ef synthetic 
£• These substnnis do not east became coal tar itself has unique 
Luices. The reason why we can pul coal»to so ™y 


;;inow“i.™ the oi^amc moWe is Ea,'!! 
generally make itftom the disintegration praducts "f 
® ah the prtoaiy products of the coal industry, except the fts hj^a 

the aeusive ei^loi M^of coJ ^ ^ fetmeutatiou 

teenth ceutu^. The J references to the original 

Mery 

Seefsugar indu..^ ^ “CX — 
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expanding export wine industry of France (mie Chapter XVIII) provided a 
powerful stimulus to the study of alcoholic fennentation, to the production 
of vinegar* and to crystallographic researches on tartaric acid. 

In a private communication Mr. Miickie, who has studied the history of 
sugar taxation, gives the following deuiils of tire rise of the sugar industry. 
The original sugar cane was a tall rank grass indigenous to dm Ganges basin, 
whence it spread to Southern China. The Chinese Government sent students 
to Bchar (dm a.d. 048) to study cultivation and manufacture. Originally 
canes were crashed for juke, which was then evaporated. Refining of syrup 
was carried out from the eighth century onwards in Persia, There was an 
extensive Arabic trade in white sugar from the tenth century. Cultivation 
thus spread to Spain, Egypt, and Syria, where crusaders kcainc acquainted 
with it. Its supposed medicinal use in lung disease interested Aralik physi¬ 
cians in chemical methods of refining it. Under Kubla Khan chemists were 
sent from Egypt to instract the Chinese in sugar refining. The Europemi 
trade dates from the fourteenth century, when sugar cane was cultivated in 
Sicily and carried by Venetian traders from the Levant. 'Phence followed a 
European trade in confectionery, sugar candy, etc., perfumed with essence 
of roses, violets, etc. Henry the Navigator cultivated it in Madeira. After the 
discovery of America, Portu^rm'se plantations were transferred to Brazil, 
Guiana, and the West Indies. This was partly because of tlic climate and 
partly for getting cheap labour. 

Sugar was classed with rice, almonds, and dried fruits as spm in early 
records of the Grocers’ Company engaged in Venetian barter trade. Two 
refineries were set up in London in the middle of the sixteenth century. 
By 1(160 there were fifty English refineries. About 1740 Margraf obtained 
sugar from ket juice. His pupil Achard improved the extraction pmeess. 
Frederick William III of Prussia cultivated beet on his estates, and set up 
factories for Achard in 1801. After the naval blockade of French ptirfs by 
Britain in 1807, Napoleon ordered the planting of 80,(100 acres of beet. 
Schools were set up for teaching the technique of sugar manufacture, and 
a flourishing French industry developed. During the 'forties the F'rcnch Ixtet 
indust ry practically monopolized the sugar trade of France. 

It is convenient to separate the study of the carbon comfioimds from the 
study of others for two rctisons. One is that carbon forms a prodigiously 
large number of compounds, the multiplicity and complexity of which is a 
fundamental condition of the complexity of living organisms. The other is 
tliat the methods of preparation and synthesis employed in the study of 
this enormous assemblage of carbon compounds are pcaillar. In studying 
mineral compounds force main types of chemical reaction am employed: 
separation by heat into a volatile and non-volatile portion as in the reduction 
of an ore or formation of quick lime; dcamiposition by the electrical current; 
and precipitation in solution through the free interaction of electriadly 
charged sub-moicculcs or ions. None of these three methods is used much 
in studying carbon (impounds. If solid they are nearly always votetilc. They 
are rarely electrolytes, as are most soluble mineral compounds. So, unlike 
electrolytes in solution, they react very slowly and usually require a taWyst 
to help them to do so. This means that the chemistry of carbon oamponnds 
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maiifly depends nn die co;d lar lavihod. Mirimo'S an* Iieatoil and disfiliates 
are coik-cie! a! dtdar.ni: ieinperuiiiri,'S, The pmi.vw, is lepeatcd till tiactkms 
of const ant piisnt, the pure iitHsiliiifuis, am tfoiaincd, 

'I'iiis practical dhtiticiiou, v.'liich ('incrijcji when we seek real knowledge 
hearing iitnt in Os ifoa, i. v.ay dukrent fr.Mi on/ which pliiloiaiphcts 
had aheativ made, when tlve c.iilion enrurnund’! were isicrdy olijects of idle 
curiosity. Long aticr it Ir;ul tu’cn mIiowu dial die c.iibuii dioxide produced 
in our ii‘-.suc!i and t.ihaicd us our I'l'cuh v.!!! he syuthesi/ed fi'iuii atmospheric 
tivygcn and carbon, iho r.-rhen tviupnuiids cuotiumai to priaik* u refuge 
tor aiiimiMic helkt’-. uluJi (’h.tiia.fed tiic jUnpnee; ol t;.!J'!v chemkuv, Giie 
Htrorighoid o! sopeiiaalun v.as tisc luo;/',;, (,1 tiniwiijatioii. The chemiul 
study of sugar, which ptecoded ilie hy>',liming of the beet huiusiiy at the ciul 
of dtccvhfeeuih cvm.ury. iliive. a tfond o{ Itgln on one of the oldest clieuiica! 
inditstiies. Ahhougji uiau' iiid l;,:d been tisiin; uitalytic piwuvws in baking 
and luinvisigloru!anvuiill.‘;s !0 !, liicniumv tU fonneniittuin was sunoimdcd 
!'-y niysti'i's til! the louit!!' ig (he iiineuriith cfiitors. 'ihc Asabs had ihs- 
tilicd a “'spun’'’ spuiis ig'wine- wincii w,is kiMV.ai a’, tii.- ''aetive 

piiuiiplc'' >4 li.juwrs, .Snl'siquenilv Hia-.l. h'ui sliovui that the 

boboi.''i I’lun o!i !ii i 'jaa'iiS.iimn iiie "ti-,ui eai.'' iainh-T uisafoi miu wimi 
gncs on duriig !. 10 ) jue,til'll was tiie, jasl liy absiaic-’ of l-'UDwle.ige .it'-nu 
(he natore ol ye.tst befit!.' tfieje W'.ae ;:i"'d nii;Tii‘».![ies i.i revrat ilu; yeast 
organism, .nui igiuaai,, e alsaii tlie clieuiiiai ‘.h.iiacteii'aiis oi soyar. 

Mnce sour iraii juu.,". jfiiu-ni as well a-, tiiuse v.iiu h ;!ic issu. eaidy sweet, 
there was luahiuj'; m suggest that sugar is tin' c.ooinuiii ba-as ol the uswtioii 
till tlitr cluaniciii la'opci'tjcs ot smyn'. weie suiiK-'i''n;}y vudi known (o niakc 
them itleiifilie.ble in the absnwe »l litiikr.ible s.W'Crtuess, Thus the fer- 
mnitaiion nl irait juices in the ah-erne ot ye.ist appealed to hr ‘'spun. 
Uim-MUs,” About the liine when b ' ; Mgsu w.is first luadr. 1 avoi -irr -.nggcsici! 
—’Wiiiuiiit jsuwing 'ihu the c. .eiwe oi h'liurnaitiou n- the dcconqiwititin 
of «.ugar. Although the Jie'ai,.il vcipinue d ecnio, imd-.ed .see p. tV-i) 
w.is disclosed soon utter tins, the dasi'-any ol th* pait pliyed by the ycsisi 
organism screed to.dy m forj.en the .ur ut' im-.ictv (he vn iL -and in 
discouMge tin* hope that tfinicm.nion i, a ihenncal tiiojei lor hnntan in* 
gemiity to iniiiarc. 

This air oi nnsfvry v.hiJt sinhuindvd (he ju-'.css uf tfiiocniatmn IcU 
open a hist shelter i^r spniMil .ta-iUH's m li.e leaha "! chriai.'.il coiubina- 
fkm. The useiii! disrnicii’iij Ivtwecn tarhon I’Vigamc'bi and mincr.i! F'm* 
orgimk") diemisiry k*t.a5i}r a batren metapiiyskal ilueiiia. So siiongiv was 
dogma entrenched tliat the rrc.tt chemist Iktiry could ssntc in the scamd 
decade f'l fl:e uiueteemh a’lniiiy; 

It is not j«robiii4c tlur we .'.fiJl rver aiiain ihe power ot tmitaring naiurc 
in these opcralioii'*, bi>f in the Jut.iJtoiis oi a living pjanf a tiirecting pfincipk 
appears to i»c coik« tsrd jus uJiar m .mimated tsulws .md lupitiof to and 
ing Ifoni the cause whii h !ui, l.n u fruued GieiuM!! athnity. 

in foe very nest year a tirrniun chemisr Wohler (Ihd.Hj dkatvemd that 
urai, ihv* puncipal nrganig umstituciit of huu...u mine, can be prepared troni 
the cvajxiraiion ut sulmiot^ of ammonium lyaiiatc,»subtance which m be 
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built up from its elements carbon, nitrogen, hydrogen, and oxygen, in the 
laboratory. One method is to keep sparking nitrogen with carbon electrodes 
like those of an arc lamp. A highly poisonous gas cyanogen (C 2 N 2 ) is then 
formed. If cyanogen is passed into a solution of caustic potash a mixture of 
two salts is formed. One is potassium cyanide (KCN), a well-known 
poison. The other is potassium cyanate (KOCN). If the latter is treated with 
a concentrated solution of ammonium sulphate, crystals of ammonium 
cyanate (NH 4 OCN) separate out. Wohler announced Ids discovery with the 
declaration that he could make urea without the help of a man, a dog, or a 
kidney. Such discoveries drove spirits from their last resting place in the 
theory of chemistry. 

The transition from the use of living animal and plant products to the 
use of dead organic residues such as coal, shale, or petroleum, as sources of 
heat, illumination, drugs, dyes, and perfumes, was socially the transition 
from a predominantly rural to a predominantly urban economy, from tlie 
green and pleasant land to the dark Satanic mills of Blake’s poem. Techno¬ 
logically it was the transition from the use of substances with high moleralar 
weights to substances with low molecular weights. The three main constituents 
of all living matter are classified as carbohydrates, fats, and proteins. The first 
include the sugars, starches, and what is by far the most abundant organic 
material in the world, the main dry constituent of plant tissues such as 
wood fibre, namely cellulose. The carbohydrates contain carbon, hydrogen, 
and oxygen. So also do the fats, a term which includes the animfil and vege¬ 
table oils. One class of fats, the lecithins (of egg yolk), contain phosphorus and 
nitrogen as well. The proteins all contain nitrogen as well as hydrogen, oxygen, 
and carbon. Most of them contain sulphur and many contain phosphorus. A 
few contain other elements, such as iron, which is present in Ae red protein 
pigment haemoglobin ot out blood. The molecular weight of the simplest 
namral proteins is in the neighbourhood of ten thousand. The molecular 
weight of the simplest natural sugar, glucose, is 180, which is three times 
as large as the molecule of common salt and is very small compared with tiic 
molecule of cellulose, The molecular weight of the common fats is in the 
neighbourhood of a thousand. Compared with these figures the molecular 
weights of the constituents of coal gas or coal tar are small. The molecular 
weight of methane is 16, and that of carbolic acid, or as we shall henceforth 
call it ptoo/, is 94. 

The organic residues of the new economy were thus the bricks and plaster 
of the molecules of more complex carbon compounds which exist in Hvrag 
beings. In finding how to make substitutes for living products by using tlic 
waste material of the coal gas industry, the chemist was therefore finding 
how to build with bricks common to any organic matter. The social possi¬ 
bilities of this step go far beyond the incidental use of coal itself in a highly 
urbanized society. England’s green and pleasant land is not incompatible 
with the fullest use of scientific knowledge. 

PECULIARITIES OF CARBON COMPOUNDS 
Wohler’s discovery involves one of the characteristics which provides a 
clue to the amazing multiplicity of the carbon compounds. The two com- 
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pounds ammonium cyanate and urea are both compounds of which the 
molecular weight can be easily determined, Both arc soluble in water. Wc 
therefore know the complexity and composition of their molecules. 'I’he 
one passes into the other without the formation or addition of a third sub¬ 
stance. Both have the same percentage composition of identically the same 
elements, and can be represented by one and the same formula CONgHi. 
In what does the difterence lie? 

The difference between molecules which arc made up of tlie same atoms 
or of different atoms in the same proportions may be of two kinds. We have 
already touclicd on one of these. When we make electric .sparks repeatedly 
in oxygen the gas becomes more dense. Ordinary oxygen turns into another 
gas which is one and a half limes as heavy as the oxygen in the air or the 
oxygen usually obtained by heating decomposable metallic oxides. It is 
called ozone. Ozone combines with carbon to form carbon dioxide and 
nothing else, just as soot or diamond combine with ordinary oxygen to form 
carbon dioxide and nothing else. So its atoms arc the same as the atoms of 
ordinary oxygen,_ just as the atoms of diamond and soot are both carbon 
atoms. Ozone diflers from oxygen in having a molecular weight one and a half 
times as great. ^If we represent oxygen by 0 .^, wc must therefore represent 
ozone by 0 ;|. 'flic difference between the two gases simply concerns the 
number of atoms in the molecule. This cannot be the sort of difterence with 
which wc are dealing in the case of ammonium cyanate and urea. Both have 
the same molecular weight. 

Two groups of objects may differ with respect to the kinds of them in 
each group, the numbers in cadi group, and the arrangm&ii in each jptoup. 
The difference between urea and ammonium cyanate does not involve the 
kind and number of atoms in the molcoiles. So it can only be a difference of 
arrangement. Although we have not touched directly on tiie arrangement of 
atoms in a molecule, we have already had a due. We have noticed that just 
as all metallic chlorides have one or more atoms of chlorine combined with a 
metal, all metallic carbonates have the atom duster or radicle CO 3 . Just as 
all the sodium salts have the hydrogen atom of an add replaced by an atom 
of .sodium, all “ammonium” salts have the atom duster or radicle NH| of 
the hydroxide NH|OH, which is formed when ammonia NHg dissolves in 
water (H.p), Thus ammonium chloride is NHpi, aramomum earboMte 
(NH 4)2 . CO;), and so on, Similarly ammonium cyanate is Nil,,OCN; just as 
sodium cyanate is NaOCN. 

The peculiarity of these radicles is that they are relatively stable collections 
of atoms which go in and out of chemical reactions m a gnmp. 'lkmo sub¬ 
stances in which they occur have common characteristics of chemical 
behaviour, For instance, the addition of a caldum salt in solution to cither 
ammonium or sodium carbonate results in the prsdpitation of aldum 
carbonate and the formation of the sodium or ammonium salt of the add 
from which the caldum salt was formed (e.g. (NHilpOg + ClaClg 
2 NH 4 GI + OCO 3 ). Nearly aU ammonium salts are extremely soluble. The 
noteworthy exception is that they form a yellow insoluble chloroplatioite, 
and are therefore precipitated from solution as a yellow pwricr when 
chloroplatinic add is added. Besides having different physical properties 
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such as its melting point and the shape of its crystals, urea differs from ammo¬ 
nium cyanate in its chemical behaviour. Ammonium salts show the charac¬ 
teristics of electrolytes in solution by taking part in such reactions and by 
conducting an electric current. The ammonium radicle splits off as an elec¬ 
trically charged sub-moleaile or ion. Urea is not an electrolyte. It fails to 
give a yellow precipitate with chloroplatinic acid. Thus urea does not 
show most charaaeristics which we associate with the radicle NH 4 in ammo¬ 
nium salts. 

The queer thing about carbon compounds is the enormous number of 
simple radicles containing a carbon atom, such as CO, CN, CNO, CH 3 , 
CgHs, CoHs, COOH, CHO, CHOH, CHgOH, etc. Hence it is possible for 
many compounds with different chemical behaviour to have the same per¬ 
centage composition and the same molecular weight. To distinguish them, 
or to tell what sort of substance a carbon compound is, we have to write the 
formula so that the atoms are grouped together in radicles. A chemical formula, 
as we have seen, is a compact way of conveying a mass of information about 
the physical properties, chemical behaviour, and methods of preparation, of 
a suljstance. In the large class of carbon compounds, the elements which are 
contained in the molecule of a substance are comparatively unimportant. 
Their behaviour depends more especially on how the atoms are arranged, 
that is to say, which groups of atoms stick togetlier. Hence the formula of 
a carbon compound only contains relevant information about its origin and 
behaviour, if it indicates such a grouping. 

For instance, the essential constituent of vinegar, acetic acid, a substance 
which is a crystalline solid in a cold room and a colourless liquid which mixes 
freely with water in a warm room, might be represented as C 2 H 4 O 2 , While 
this formula would correctly tell us the proportion by weight of its con¬ 
stituents anti the molecular weight of acetic acid vapour, it would not dis¬ 
tinguish it from two other substances called methyl formate and glycollic 
aldehyde. Both of these have the same molecular weight and the same per¬ 
centage composition, but different physical properties, totally different 
chemical behaviour, and different methods of preparation. Thus acetic acid 
is a weak electrolyte turning blue litmus dye red in solution. Like a mineral 
acid it is capable of decomposing carbonates or combining with caustic 
alkalis to form salts such as sodium and calcium acetate, in which one atom 
of hydrogen is replaced by one atom of a monovalent metal. Metliyl formate 
and glycollic aldehyde are not electrolytes. They are not acids. They do not 
decompose carbonates or combine with caustic alkalis to form metaUic salts. 
So they differ from acetic acid because they have no hydrogen atom which is 
readily replaceable by an atom of a metal. As a first step we may therefore dis¬ 
tinguish acetic acid as CgHgOg, H from methyl formate or glycollic aldehyde 
C 2 H 4 O 2 . This indicates that the radicle CgHaOa is common to all acetates 
like sodium acetate Na(C 2 H 302 ) and calcium acetate Ca(C 2 H 302 )a, which are 
respectively formed by the action of vinegar on baiting powder and dialk. 

The formula CgHjOg. H only conveys one set of facts about the chemical 
behaviour of acetic acid. For instance, the whole atom duster CgHaOj can 
be combined with various metals just as tlie atom Cl of the acid HQ (or 
CF. H) can be combined with metals in the salts which we call chlorides, 
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and these acetuics in general have certain common properties just as the 
chlorides in general h.'ive certain common properties. As it .stands this formula 
gives us no clue to how wc might build up acetic acid liom its elements. 
When it is written in the Ibrni CH,,CO(). H it suggests several ways of 
building up acetic acid from its elements, when we have mastered one or 
two quite general rules about the behaviour of carbon compounds. When 
you have seen the reason for splitting the complex radicle (CJijO;,) into 
(CH.jCOO), you will see how fruitful this device is. For example, it shows 
us how we could build up acetic acid from the methane CH 4 of coal gas if 
we wanted to do so. It mixed with chlorine in sunlight, methane combines 
to form a scries of compounds in which one, two, three, or four atoms of 
hydrogen are replaced by chlorine atoms. One of these is called methyl 
chloride ClijC!, another is the fiuniliar anaesthetic chlorolbnn CHCLj. A 
similar series of compounds is Ibmied by the snbstitutiou of the element 
iodine, which is very closely related to chlorine in its properties. One of 
these hi methyl iodide Another is the antiseptic iodoform CHLi, When a 
chlorine or iodine derivative of a carbon compound is heated with potassium 
cyaiiitle, the clilorine or iodine atom is generally replaced by the cyanide 
radicle OM. I'hns wc can easily conveit methyl iodide into methyl cyanide 
CEjON. The cyanide radicle has a peculiarity which is very important. It 
is easily broken up t\y boiling in the presence of water. This results in the 
formation of ammonia and another radicle. For instance, if we go on boiling 
a .solution of potassium cyanide itself we get a different salt, potassium 
formate, which contains no nitrogen. Its composition corresponds to the 
formula K, or H. (.X). 5 K. This is the potassium salt of the formic 
acid (E. (.’.Offi) found in nellies and in the sting of nnts, The acid itself can 
be Ibrmed in an analogoii!) way by prolonged boiling of a solution of the acid 
(prussic or hydrocyanic acid) of whidi potassium cyanide is a salt. Prussic add 
E. CN becomes H. COmH. The preparation of cither formic add or potas¬ 
sium formate might be put in a general way, thus; 

X.CNd-2H20->X.(::02.H.f NH 3 

In the same way methyl cyanide when boiled for a long while with w'ater 
tomes acetic acid, thus 

C:HaCNh2Ha0-'>CHyC02.nd-.NE^ ' 

Writing the fiumula of acetic add in this way tells us lir.s£ that it is derived 
from the methatie of ctsil gas by replacing one of the hydrogen atoim of 
methane CIH 4 with the radicle CO^. H or as it is more often written COO. 1% 
because in certain drcumstanccs one of the oxygen aforas can be displaced. 
Further, it tells us that the iaibsiancc shsircs all the diameteristo common 
to ail compounds with the radide COOH, i.e. the: “organic adds,” The 
tremendous economy of this symbolism depends on two focts. The first is 
that, since compounds eontaining a given mtliclc have certain common 
characteristics, we can detect what radicles make up its molecule, when we 
have determined the molecular weight and percentage composition of a 
compound, if its behaviour is fairly well known. The seamd is that since there 
arc comparatively few mlcii about the way in which one radide can k re* 
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placed by anotherj we can see at once what has to be done to build up any 
organic compound from any other which we have at our disposal. 

We may illustrate this once more by considering an organic acid called 
succinic acid which occurs in fossil wood and amber. By its molecular 
weight and composition it is found to be C 4 H(j 04 . From its chemical be¬ 
haviour it is recognized to have two COOH radicles and may be represented 
as C 2 H 4 (COOH) 2 . Besides methane, coal gas contains a hyiocarbon called 
ethylene which is responsible for its luminosity. Its formula is C 2 H 4 . Ethylene 
combines to form “addition compounds” with chlorine and iodine represented 
by the formulae C 2 H 4 Q 2 or C 2 H 4 I 2 (ethylene chloride and iodide). By heat¬ 
ing these with potassium cyanide we get C 2 H 4 (CN )2 or etliylene cyanide. On 
boiling this we get succinic acid. So it'we know the radicle formula of succinic 
acid, we see at once that it can be built up from ethylene in a series of steps 
precisely analogous to those used in building up acetic acid from methane. 

The different behaviour of ethylene and methane in their reactions with 
chlorine or iodine illustrates a device which is very useful in suggesting 
what sorts of radicles are combined in a molecule. When we say that a radicle 
behaves like an element in remaining stable through a large variety of 
chemical changes (so that some radicles have been confused with elements 
until it has been found possible to build them up from elements), we mean 
that the same elements persist as a group in the same proportions by weight 
throughout a series of reactions and that, when present as a group in these 
proportions in a compound, they confer special characteristics upon it. This 
is an empirical fact whether we accept or reject the atomic view of matter. 
We have not yet recognized any general clue to the circumstances in which 
radicles are formed. The recognition of such a due proved to be one of the 
most fruitful developments of the atomic doctrine. It depends on die charac¬ 
teristic called valency (p. 485). 

In the last chapter it was said that sodium has a valency of 1 , because one 
atom of sodium replaces one atom of hydrogen in acids hkc HgSOj or IICl 
to form salts such as NaHS 04 , Na 2 S 04 , or KaCl. likewise calcium is 2-valeiit 
because one atom of it replaces two hydrogen atoms, as in (^(HSOi)*, ^^ 04 , 
or CaOj. You may look on water as a molecule of oxygen in which one atom 
is replaced by two hydrogen atoms. Thus oxygen is 2-valent. It comes to the 
same thing to say that oxygen is divalent, because one atom of oxygen cannot 
combine with more than ttvo atoms of hydrogen, as in water. Similarly you 
may say that carbon is 4-valent or quadri-valent, because one atom of carbon 
caimot combine with more than four atoms ofhydrogen as in methane (CH 4 ). 
The valendes of many dements, as defined in this way, exhibit a consistent 
system of behaviour, Thus one atom of oxygen will combine with two atoms 
of ^ element like sodium as in the oxide NajO, or one atom of caldum as in 
quicklime CaO. Many elements form two types of compounds in one of which 
the valency is«, and in the other n - 8 . Thus chlorine forms a hydride HG 
and an oxide QgOij,. In the first it is univalent, in the second 7-valent, 

Although there are many exceptions to this simple rule in the behaviour 
of mineral compounds, it is a safe rule to follow in dealing wMi the compounds 
of carbon. Within those limits we may say that any radide has a definite 
valency, and any dement which can replace a radide or a group of radicles 
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behaves as if it also had a fixed valency. One atom of the 4-valent element 
carbon cun combine with two atoms of oxygen each of wliich is equivalent 
to two atoms of hydrogen, as in COj, If it combines wMi less, as In CO, the 
resulting compound is mpabk of taUng on more oxygen^ as when carbon 
monoxide burns in air to form COj. Thus we may pictorially represent the 
difference between the two oxides as 


(«) 0-=C^-0 (l>) ?=.C = 0 

(cartion dioxide) (carbon monoxide) 


I he question mark represents an invitation to take on more oxygen. Simi¬ 
larly, we may represent methane (Cig and ethylene (CgH.) pictorially 
thus 


H 

(«) H-C-H 
H 


H H 

(b) H-C-C-H 


Ihe question mark indicates that when ethylene reacts with chlorine it 
sirapty adds on more atoms to its molecule, forming the oiidiAbn compound 
C 2 H 4 Q 2 , whereas when methane reacts it can only do so by replacing one 
or more hydrogen atoms to form stibstiiution compounds like chloroform 
(CHCI3).. 

This pictorial device is of very great fruitfokess for various reasons. One 
is that the number of atoms in a simple compound may tell us at once whether 
it forms compounds by addition or substitution, A second is diat if we can 
spot one radide by the general properties of a compound, tliere may be only 
one possible armgmmt of foe remaining atoms—thus indicating the nature 
of the remaining radidcS“*or at least a comparatively small number of possible 
arrangmmls to explore. A third depends on a curious feature which we 
encounter when we classify organic compounds. 

Qarbon compounds may be grouped in various classes distinguished by a 
common radide, such as tlic radide COOH of the organic acids, Inside tliese 
gEOup.s the members form an ascending series of increasing molecular weight 
illustrated by two fatty acids already mentioned. Formic acid is the simplest 
member of a series of which the second is acetic acid. The difference between 
the two formulae H, COOH and CH3COOH is that the second has one 
carbon and two hydrogen atoms (CHg) more than the first. Propionic acid 
(CjHiiCOOH) differs from acetic in the same way. Butyric add (C3H7COOH), 
found in rancid butter, differs from propionic acid in the same way. When 
these adds arc arranged in serial order from die lowest (with least molecular 
weight) to the highest, wc find a continuous gradation in their physical pro¬ 
perties, Thus the boiling points run as follows; 


Foraiicadd . . 
Acedcacid .. 
Propionic acid 

Butyric addjl^j 


.. 101" C, 
.. 118“ C. 
.. 14FC, 
.. 166“ C. 
lOifC. 
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You will notice at the foot of the list two butyric acids. There are, in fact, 
two substances with the same formula CaH,,GOOH and with similar 
diciinical properties in so far as they are both acids and both form salts 
containing the radicle COO. In other respects their chemical propettie.s 
like their physical properties (melting and boiling points, specific gravity in 
the liquid state, etc.) are not quite identical The existence of two butyric 
acids is in accordance with the principle of valency which shows us that the 
monovalent radicle can be represented in two ways thus: 

H II 

I I 

I-MMI H-OH 

1 1 

H-C- 4 I H-CHCOOH) 

I ! 

H-C-H 


(COOH) H 

On the other hand the radicle Cilg of propionic acid can only be repre¬ 
sented in one way corresponding to the existence of only one known com¬ 
pound of the formula CgHjCOOH, 

H H 

ii-i-.l;~(cooH) 


Carbon compounds can thus be grouped in two ways. First, we Mn divide 
them and subdivide them into groups with common properties which depend 
on the possession of the same radicle. Second, we can arrange the members 
of each class in a “series” in which tlte complexity of the molecule increases 
in regular steps by the addition of one carbon and two hydrogen atoms or, 
if you prefer to put it that way, the replacement of one hydrogen atom by the 
mimlmi radicle CHa. We can thus look on every scries as starting from 
the hydrogen molecule (H^) by replacement of a hydrogen atom in this way: 


SautTitud Patty 
Hydrocarbons 
LHCHaorCCHj) 
(methane) 

2.CHsCH3or(C2Hfl) 

(etiumc) 

tt. 

(pi’pptmc) 

4 , I'll'lio 

(the butanes) 


Samated Patty 
Mmohydrtc Akonoh 
HOIIorlHgO) 
(water) 
CHgOH 
(methyl alcohol) 

CPjOH 
(ethyl alcohol) 
C3H7OH 
(propyl alcohol) 


Satmted Patty 
MottHrcmcAckh 
KCOOH 
(formic add) 
CHgCOOH 
(acetic add) 
CjHpCOOH 
(propionic add) 
C3H7COOH 
(butyric acid) 


In all such scries the physical properties of the members show a consistent 
gradation. Thus the lowest members of the “hydrocarbon” scries begmning 
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witli methane are gases at room temperature. The compounds C5 Hi 2 and 
CgHj4, forming the fraction of American petroleum called petrol ether, 
and the compounds C(,Hi4 and of wliich the gasoline of American 
petroleum is a mixture, are liquids boiling just above room temperature, 
and hence highly volatile. The remaining liquid fractious of American 
petroleum: naphtha (C^Hu, CgHig), benzoline (CgHig and CgHgo), 
and kerosene (CigHgK to C18H34) are less volatile. The tiigher 
members of the same series are vaselines and waxes. The crude paraflSn 
wax of shale is a mixture of substances with formulae ranging from QgHgg 
to C43Hgg. 

The technical names for the substances set fortii in the last table suggest 
their mode of preparation and not their position in the series. Thus methyl 
alcohol is derived from methane by boiling methyl chloride with caustic 
potash. Butyric acid is derived from butyl alcohol just as acetic acid is 
derived from ethyl alcohol, by treatment with an oxidizing agent, i.e. some¬ 
thing, like potassium permanganate, wliich readily gives up oxygen or takes 
up hydrogen. Since every series goes up in steps of one carbon and two 
hydrogen atoms, we can represent any class of compounds with common 
properties depending on the presence of a particular radicle by a general 
formula C„H2«.|.i. R or more briefly X. R where X is the alkyl radicle, 
C„H2n.!-ij and R is the radicle characteristic of tlie group, e.g. CHg in the 
“saturated fatly hydrocarbons,” COOH in the saturated monobasic fatty 
acids, and OH in the simple alcohols, like ethyl alcohol (CgHgOH) or “spirits 
of wine,” which with a small percentage of impurities is the same as the 
familiar “methylated spirits,” and methyl alcohol (CHgOH), the spirit 
distilled from heating sawdust, wood pulp, and other wood residues. 

The classification of arbon compomids is a big task to face. Since 
laziness is the mother of ingenuity, you will need a good reason before pro¬ 
ceeding with it. So before we continue let us be perfectly clear about tire 
social meaning of what we are doing. Till the coming of the coal economy 
man had depended for the essentials of civilized life on a variety of substances 
produced by animals and plants which (like the silltworm or the madder 
plant) grew only in one place. Because carbon compounds are all built up 
from a very small number of elements, we are no longer dependent on limited 
supplies available in restricted areas. We now know how their moieties 
arc put together, The social art of finding universal substitutes for local 
organic products involves the discovery of two classes of general rules which 
make up tlie essentials of organic chemistry. The first are the rules of con¬ 
stitution which allow us to detect wMch radicles are present m a carbon 
compound by tlie kind of chemical behaviour it exhibits. The second are the 
rules of synthesis which allow us to replace one radicle by another. By usmg 
them we can make a substance when we know what its constitution is. 

RULES OF coNsimmoN 

The most important rules of constitution are embodied in the foUowing 
brief survey of the principal classes of simpler carbon compounds. Some ot 

them, Hke esters, fatty adds or alcohols, occur commonly m liymg orgamsms. 

Some of them, like the hydrocarbons, arc simple disintegration products of 
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organic niaiter. Some of them occur very little in nature but are easily derived 
from natural products by simple laboratory reiictionsj and are of immense 
importance as reagents to assist in replacing one radicle^ by another. For 
instance, the “alkyl halides”* like CH.,! are extremely rare in organic matter. 
The same is true of the alkyl cyanides like CH;|CN. These substances arc 
easily made from hydrocarbons, as we have seen already; and once made 
they allow us to build from any hydrocarbon an alcohol 

( , or an acid (C„E.,„ i ■ COOH) according to the simple 

redpe: 

Hydrocarbon .....”>• ^kyl halide 

dtiHsin |4. H CftHsft+i.I 



(;a,ni.OH cjUm.cn 

Alcohol Alkyl cyanide 


Fatty Acid Fatty Add 

(V.,IU„-i.(:OOH CJUm.COOH 

The principal classes of simple carbon compounds may now Ire set out 
under the following headings. 

(1) 7'fe !!y(lnmr!msr-l'hm contain only carbon and hydrogen and fall 
into two main classes: the fatty, and the aromatic, hydrocarbons, represented 
respectively by the series 

(a) Fatty or marsh gas series: CH,j (methane), CJIs (ethane), QH*, 
(propane), etc. The higher members are the various volatile spirits, illu- 
miniats, vaieliiies, and waxes, of American petroleum and shale 
distillate. 

(ij) Aromatic or coal lar series: CgHj, (benanc), CjH„ (toluene), 
C Jljt, (xy]e«e)-all present in the light oil of coal tar. 'fhe next member 
is mesitylenc CJ'I, 3 . 

llicre is an important dillercnce between these two series, Unless we take 
the extreme counc of burning it away, ilie molecule of an aromatic com¬ 
pound ttlways slicks to .six of its carbon atoms in any changes it undergoes, 
ill consequence the molecule of an iromatic compound (i.c. a compound 
in which one or more hydrogen atoms of an asomalic hydrocarbon are m- 
pLiced by a radicle) is repraented pictoriaJly as h;iving a central hexagon 


* Fiuonne, chlorine, bnnnine, wd iodiiic arc called the “baloscii*’ clemenM, and 
iJwr derifadvsi My he lefcntd to«llicdw!y aa 
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of carbon atoms.* Each of tlie six has one useful valency, as the following 
formulae for benzene and toluene indicate: 


H 

1 

H 

1 

I 

C 

A 

H~C C-H 

11 1 

1 

C 

/\ 

H-C C-H 

II 1 

H-c c-n 

V 

c 

(D 

(a) Benzene 

H 

(6) Toluene 


With a stable nucleus of six carbon atoms there is only one substance 
(benzene) corresponding to the formula CgHj and one substance (toluene) 
with the formula of CyHg. On tlie other hand, there are four substances corre¬ 
sponding to the formda CgHio* Three of these (the xylenes) are very similar 
in behaviour and mode of formation, with boiling points between 137° and 
140° C. The other (ediyl benzene), with a boiling point 134° C., is made in 
a different way, The xylenes all have the methyl group (CHg) because they 
can be made by reaction between toluene and methyl iodide (CHgl). Ethyl 
benzene can be made by reaction of benzene with ethyl iodide (CjHsI). 

This illustrates once again the fruitfulness of the pictorial or valency 
formula. While it only allows for the existence of one benzene, or of one 
toluene, the valency formula gives us four possibilities for a subst^ce with 
six stable carbon atoms in the molecule CgHio. Thus the ethyl radicle C^Hg 
may replace one of six equivalent hydrogen atoms giving 

Ac,h, 


V 

Ethylbenzene 

Alternatively two methyl radicles (CHg) might replace two hydrogen atoms 
giving three arrangements (see also p. 631) according as the hydrogen atoms 
replaced are attached to (a) adjacent carbon atoms of the nucleus or to carbon 
atoms separated by (6) one or (c) two other carbon atoms, thus: 

CHg 



* In the structural formulae of aromatic compounds k is usual to symbolize the 
benzeSe rSig (or tSiat is left of it) by a simple hexagon. This represents the snt carbon 
aSs and slch of the six hydrogen atoms as have not been replaced (as one has in 
ethyl benzene) by some radicle. 
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Besides these two basic series which form derivative_compoiuids by re- 
pliiccment or substitution of a hydrogen atom by a radicle, there are other 
series of “unsaturated” hydrocarbons. Such are the ethylene series: 
ethylene CaH,i, propylene C;iH,„ etc., and the series of which the 

lirst member m&tylme (C.)H;d's formed, as we all know, by the spontaneous 
decomposition of calcium carbide in the presence of water. Ihe peculiarity 
of these uusaturated hydrocarbons has been mentioned. They form addition 
compounds with the halogens (chlorine, bromine, and iodine) as if me 
four V£»lencie.s of their carbon atoms were not satisfied.^ Hydrocarbons of me 
ethylene series are obtained by heating alkyl halides with alcoholic solutions 
of caustic potash, e.g. Cy-y gives C2H4, C3H7I gives QjHg (butylene). 

( 2 ) The Alcohols and Phemk-nia alcohols are substances in which the 
“hydroxyl” radicle OH present in caustic alkalis replaces one or more hydro¬ 
gen atoms in a hydrocarbon. Among aromatic hydrocarbons this may happen 
in two ways. From benzene (Fig. 205 ) itself we can make only tlie substance 
called carbolic acid or phenol (C„ll3()n) found in the middle oil fraction of 
coal tar, tlius: 

1' ■’jOH 

I ,j ■:.ij 

From toluene (Cyig), or any higher hydrocarbons of the same series, there 
are two general alternatives wHch correspond to two different classes of 
aromatic compounds. Thus there are four compounds having the formula 
CjHyOH, of which three («, h, c) arise by replacement of a hydrogen atom m 
die ‘ Wleus,” and one (d) arises from replacement in the “side chain. ’ 

TOLUENE 




CH3 

.. [ ."1.' 

CHa CH, 


. OH ' 

r'"'! n 

/''YH2OH 

' 1 '! 

i ,r ; 

i.JoH l.,J 

u 

(a)o-citttil 

OH 

{(ij Benzyl akohol 




When a hydrogen atom of the “side chain” is replaced by an OH group the 
resulting compound is more like a typial alcohol of the fatty series. The 
product of *hmckuf substitution is caUed a “phenol” and has somewhat 
different properties, to which we shall refer later, 

CkirrespDnding to the saturated fatty hydrocarbons, like methane, we have 
a series of alcohols with one OH group already mentioned, To this methyl 
alcohol and ethyl ilcohol-the alcohol of oui happiest and most hallowed 
associations-belong. The fifth member of the series, counting methyl alcohol 
as the first, is myl alcohol (QH^. Old) which for reasons already indicated 
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Im eight closely allied forms having different physical properties. They also 
differ chemically in a way wliich will be mentioned later. The highest mem¬ 
bers (like cetyl alcohol CigHgj. OH) are waxy substances. Corresponding to 
ethyl alcohol there is a dfhydric alcohol €214(011)2 called glycol, and corre¬ 
sponding to propyl alcohol (CgH,. OH) a rn'hydric alcohol G3H5(OH)3 which 
is glycerine. Corresponding to tlie hydrocarbon CgHii of gasoline, there are 
various 6-hydric alcohols CgHg. (OH)^, differing according to the internal 
arrangement of the hydrocarbon portion of tlie molecule. All the alcohols 
are non-electrolytes. They can be formed from corresponding alkyl halides 
by boiling with caustic potash. The former can themselves be formed from 
alcohols by boiling them with the halogens (chlorine, bromine, or iodine) in 
the presence of red phosphorus. On account of the OH group they resemble 
mineral alkalis in combining with acids to form salts called In esters 
the “allryl” radicle X, i.e. (C^Hj^+i) of the general formula X. (OH) re¬ 
places the hydrogen of the acid as does the metal of an allrali. This does 
not take place quicldy as witli reactions of electrolytes. It proceeds slowly 
after prolonged boiling, tlie products being separable by distillation. Esters 
differ from mineral salts in being non-electrolytes like the alcohols. The nitrate 
of glycerine C3H3(N03)3 called nitroglycerine is highly explosive, Dynamite 
is a mixture of nitroglycerine and a porous natural earth c^ed Ideselguhr. 

( 3 ) Organic Acids ,organic acids all contain the “carboxyl” radicle 
COOH, The most important series (p. 606 ) of which the first member is 
formic acid (H. COOH), corresponds to saturated fatty hydrocarbons in 
which one methyl group (CH3) is replaced by COOH. In another series 
one hydrogen atom is also replaced by COOH. The first is oxalic acid 
(COOH .COOH), a highly poisonous acid with a very insoluble calcium 
salt. Crystals of the latter irritate tlie bladder in the “oxaluria” resulting 
from eating too much rhubarb or fruits which contain oxalic acid. The 
next member, malonic acid, COOH CH2 COOH, has the same relation to 
acetic as has oxalic to formic acid. It is of very great importance in synthesis, 
especially in the preparation of tlie large class of soporific drugs called the 
“barbituric” derivatives. 

Another series is that of the “hydroxy” acids in which one hydrogen atom 
of die molecule is replaced by an OH radicle. Carbonic acid may be regarded 
as the first. The second member is called glycollic (hydroxy-acetic) acid 
(CH2 OH, COOH) and the tliird is hydracrylic acid (CH2OH. GHjCOOH). 
Hydracrylic acid is one of two hydroxy-propionic acids. The other, called 
lactic acid (CH 8 .CH( 0 H).COOH), is the fatigue substance formed in 
our muscles during exercise. More complex familiar fatty acids include 
tartaric acid (of grape juice and sherbet), which is a dihydroxy derivative of 
the third member of the oxalic series, i.e. C2H2(OH)2(COOH)2 (dihydroxy 
succinic acid or dihydroxy-carboxy-propionic acid). The various aromatic 
acids in which one or more (COOH) radicles replace one or more hydrogen 
atoms of the nucleus or side chain of an aromatic hydrocarbon or phenol will 
be touched on later, 

( 4 ) te.-The structure of an ester has been explamed already. This 
class includes the common flavouring essences of fruit juices. Many of 
them are compounds formed from simple fatty acids of die acetic series and 
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simple alcohols of the ethyl series. For instance, pear drop essence is amyl 
acetate (CH3COO. CgHu), now a familiar substance because of its use as a 
solvent for cellulose paints. The common animal and plant fats like palmitin 
or stearin are esters of the alcohol glycerine and one of the higher members 
of the acetic series such as palmitic acid C15H31. COOH and stearic acid 
. COOH. Olive oil is the glyceride (olein) of an unsaturated add oleic 
add C17H33. COOH. Soaps are the sodium (hard)* or potassium (soft) salts 
of the same acids and are obtained by the generd method for splitting off 
an alcohol from an ester-boiling an ester such as olive oil (mostly olein) 
or lard (a mixture of olein, palmitin, and stearin) or palm oil (mostly palmitm) 
with alkali. Glycerine is, therefore, a by-product of soap manufacture. 

Most natural fats are mixtures. An essential constituent of butter fat and 
coconut oil is a very simple fat, the glyceride of butyric acid C3H7. COOH. 
Since glycerine has three (OH) groups, even a simple glyceride lilte butyrin 
of butter fat has a large molecule (M.W. 302 ) represented by 

CjH^.COOv 

C3H7.CO0AC3H5 

CjH^.COo/ 

Among the simple essences, rum flavour is ethyl formate (i.e. the ester of 
ordinary or ethyl alcohol and formic add), and pineapple flavour is ethyl buty¬ 
rate. Linseed oil of paint is a mixture of glycerides of two unsaturated acids 
(Q7H8X COOH and C17H29 COOH). Bees-wax is the ester which palimtic 
add forms with a very high member of the ethyl alcohol series called myricyl 
alcohol (CjoHfli. OH). On boiling with mineral adds esters break up into 
organic add and alcohol. 

( 6 ) The ethers arc a class of compounds related to an alcohol 
in much the same way as a metallic oxide is related to a metallic hydroxide 
(e,g. NajO and NaOH). That is to say if XOH is an alcohol, X^O is the 
corresponding ether. Thus the ether corresponding to ethyl alcohol 
(CoHrOH) is (C2H6)aO. This is the anaesthetic ethyl ether, called ether for 
short as ethyl alcohol is caUed alcohol for short. The resemblance to a metallic 
oxide ends here, for ethers do not unite with adds to form esters, and they 
are generally very inert substances. They can be made by dis^g m alcohol 
with strong sulphuric acid, or by treating an alkyl hahde withsodium eth- 

oxide(i.c. a reagent prepared by dissolving sodium in pure alrahol). ^ 

(6) Aldehydes md JCeiom.-Two important classes of carbon compounds 
are the aldehydes and ketones. The aldehydes (ofwhichformalmor formalde¬ 
hyde, the antiseptic and preservative, now used m makmg synthetic resms, is 
an example) have the general formula X. CHO. Ketones (of wheh acetone 
used as a cellulose acetate solvent and produced by ^ 
residues is an example) have the general formula X^ • CO • Xj. The two 
dasses have very similar properties and are formed by similar methods of 
preparation. They both form “addition” compounds with sofoum hy^ogen 
Lphite (NaHSOg). They are both “reduced” to an alcohol when treated 

* Modem hard soaps may comain up to 40 per cent resin and other substances, 

e.g. sodium siUcatc, to give bulk. 

R ' ■ 
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with ii msgent w!m:h lilxjrattt hydrogen, m does stHlium mercury amalgum, 
t.e, sodium di‘.so!vc4l in mercury. Substances which do so are called reducing 
re:!g.ents. Itectmsc tliey reduce the proportion of osygen in the BKdecule of 
iin orgartif cuiujHHitid. t inversely, sutetanecs which easily give up oxygen 
which lUiiy combine with one or more atoms of hydrogen in the iiioleeiik 
of an tirganic cumpmnd, and therefore increMc the proportion of oxygen in 
it, arc Ciiiled t«idi/iug agcius. When aldehydes and ketones are heated with 
fiifcrr/n/ oiidi/ing agents like pmassium permanganate they are converted, 
like alcohols, info urp,.iiiic acids. 

Conversely, aldehydes and keumes can be made by heating alcohols with 
mild oxidizing agents which dt^ itm l^reak down alcolioh into organic acids. 
.Such a mild oxidizing agetti is a ntistiire of milphuric acid and the salt potas¬ 
sium dichr<tm;ue. W'hich class h actually formed depends on the structure 
of the alkyl (X) radicle of the alcoliol. According to the valency principle 
there are two pictorial tiumulae for propyl ahdiol {(yiOII), just as there 
,iK two pictorial lorinulac corresponding to two slightly dill’erent butyric 
av-ids Hcaiirij', either of them with a pmcerful oxidmiJg 

agent results in tlic formation of propionic acid (tl-Hf,. (A){)H) with iw 
\m hydrogen atoms and one tnorc oxygen atom ])cr molecule. The chief 
dilicrence iietwcen them is that mid oxidizing agents convert them into 
totally ddferem cotniannuh, one m aldchyilc, the other a keumc. foiie of the 
propyl alcohols tcailed the primury) b ethyl methyl alcohol ((Idl,. CH*. OH). 
That*is to say, if is methyl alcohol in which one hydrogen atom is rcpiacd 
by the ethyl radicle, thus: 

I 

II 

The other (mmkry or iso-pmpy!) is dimethyl methyl llcolwl 

i.e. methyl alcohol iti which each of two hydrogcti atoms is replaced by a 
nwthyl rmlick ft'H-jii 

t:H», M 
tin/ T)H 

The behaviour of the propyl iilcohols illustrates 0 general rule. Mild 
mtidmng agents convert primary propyl alcohol Cjil.CHg.OH into 
prtfrt(mtV«IMyifcCsH/’d!t)which,likethc alcohol itself, can be oxidixed in 
its turn to mi propionic acid Qk ■ 

it propionic (wt ethylic) add. A primary alcohol which can be represented 
by X. CHjOH when boded with a mild oxidizing agent is converted by 
rcmovil of two hydrogen atoms into an aldehyde X. CIK). 'fhus methyl 
akohal whldi may be repracnied as H. CIWU is converted into fornudde- 
byde H. CHO, which is amverted by a mnp oxidizing agent, like potassium 
pcnMflgmic, to formic add H.COOli Secondary propyl alcohol 
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[(CH3)2CH0H] is converted by mild oxidation into acetone (CH3)3CO, 
better written CHj. CO . CHg. A semdary alcohol can be represented by the 
general formula XY. CH . OH and oxidizes to a ketone XY. CO by removal 
of two hydrogen atoms. 

Acetone is a substance with interesting social possibilities. It gives us a 
link between an urban economy based on coal and a rural economy in which 
science is used to the M. Acetone along witli methyl alcohol and acetic acid 
is one of tlie three major products formed by dry distillation of celMosCj 
e.g. when wood pulp is heated or weeds are burned in a slow fire. On distilling 
it with sulphuric acid three molecules condense to form mesitylene or trimethyl 
benzene (CgHij), and thus give us the aromatic nucleus of six carbon atoms 
in the coal tar constituents. In Figs. 261-3 various syntheses from methyl 
alcoholj acetic acid, and acetone illusttate why we have outlived the necessity 
of coal. 

Further oxidation of acetone (CH3 . CO. CHg) yields acetic acid 
CH3COOH, in wliich the OH radicle replaces one methyl CHg group. This 
shows you why we write the carboxyl radicle COOH and not COjH. Com¬ 
plete oxidation of a secondary alcohol thus yields a lower acid than the one 
derived from the primary alcohol of the same general formula. Aside from 
die mediod of preparation used for making both ketones and aldehydes, 
one special method is generally applicable for each class. Aldehydes can be 
made by cooldng dry calcium formate (H. COO)2Ca with the calcium salt 
(X.COO)2Ca of a fatty acid. This gives the aldehyde X.CHO. Thus 
acetaldehyde (CHg. CHO) corresponding to ethyl alcohol is formed by 
cooking calcium acetate (CH3 . COO)2Ca and calcium formate together. 
Ketones XgCO are formed by simply cooking the calcium salt (X. COO)gCa 
of an organic acid by itself. Thus calcium acetate (CHg . COO)2Ca gives 
acetone (CH3)2CO. The oxidation of alcohols witii more than one (OH) 
group gives rise to a mixture of substances depending on whether a strong 
or wealt oxidizing agent is used. The following table shows how the “dibasic” 
adds (like oxalic) and the hydroxy adds (like lactic) are related to a dihydroxy 

alcohol. . 

Just as we can make an aldehyde or ketone by oxidizmg an alcohol we can 
make an alcohol by reducing an aldehyde or ketone, i.e. by treating it with 
a reducing agent that introduces hy^ogen into the molecule or removes 
oxygen from it. The reducing agent usually used is an amalgam of sodium 
and mercury in water. This converts a CHO radicle to CHgOH and the CO 
radicle to CH. OH. Thus on reduction of acetaldehyde we get ethyl alcohol 

CHg.CHO-^CHgCHaOH 

or on reduction of formaldehyde we get methyl alcohol 

H.CHO-^H.CHgOH 

On reduction of acetone we get secondary propyl alcohol, 

(CH 3 ) 2 CO-KCHg) 3 .CHOH 
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Some relations between the saturated fatty hydrocarbons, simple fatty 
alcohols, aldehydes, ketones, and simple fatty acids are shown in the 
following table; 


MONOHYDRIC ALCOHOLS AND MONOBASIC ACIDS 


CH4 

Methane 

CE,0H(H.CH2.0H) 

Meiiiyl Alcohol 

H.CHO H.COOH 

Formaldehyde Formic Acid 

CjH,, 

Ethane 

C,Hr,0HfCH3.CH2.0H) 

CHg.CHO CH^.COOH 

Ethyl Alcohol 

Acetaldehyde Acetic Acid 

C3H8 

C3H70H(C2Hii.CH2.0H) 
Primary Propyl Alcohol 

C2H5.CHO C2H5.COOH 

Propionic aldehyde Propionic Acid 

Propane 

(CHglgCH.OH 

Secondary Propyl Alcohol 

(CHglsCO 

Acetone 

C#Ii„ 

Butane 

Two primary butyl alcohols, 
C4Hi,OH!- 

qHs.CHo.CBL.OHand 
(CHsla.CH.CHg.OH 
Secondary butyl alcohol 
(C2H5)(CH3).CHOH 

Tertiiuy buiyl alcohol 
(CHglj.COH 

Two aldehydes C3H,. COOH 

C2H5.CH2.CHO 

(CH3)2.CH.CH0 

One Ketone Two acids 

(butyric) 



C4H9.COOH 

Hr *12 
Pentane 

Eight Amyl Alcohols 

4 valeric acids 


The simplest sugars like glucose or galactose having the general formula 
C HioO,. are aldehydes or ketones of the 6 -hydric alcohols [C5H8(OH)6] in 
which (a) one CHgOH group is replaced by a CHO (aldehyde) radicle, or 
(b) one CHOH group is replaced by a CO (keto) group. Either means elimi¬ 
nating two hydrogen atoms, We might therefore call them alcoholic ketones 
or aldehydes. The commoner sugars, cane sugar, milk sugar, and malt sugar, 
are formed by the union of two molecules of a simple sugar with the elimina¬ 
tion of a molecule of water (2 CjHiaOe = CigHagOu + H 2 O). When moK 
than two simple sugars unite we get more complex carbohydrates hke the 
dextrin of rice paper, starch (which yields first dextrin, then m^t sugar on 
digestion with saliva and can be converted into dextrin by heat in the process 
of ironing starched collars) and cellulose, the last being the most complex. 
The celltfiose molecule and that of aU the natural carbohydrates except the 
simple sugars is built up ftom simple sugar molecules. Many orgamsms ca 
breSs down cellulose to sugar, as we break down the starch of our food m 

digestion.Sincegardenweeds,sawdust,andtextbooksofeconomi^^^^^ 

made up of sugar molecules, importing cane sugar from Java and subsidiz¬ 
ing a’ beet intotry in England are both illustrations of the absence ^ 
rLraically enHghtened imagination at work in pohtics. On account of its 
(OH) group^s cellulose forms esters with certam acids, Such are the cellulose 
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nitrates, a series of substances which include collodion and gun-cotton, and 
cellulose acetate which is prepared in one of the artificial silk processes. 
Blasting powder is a mixwre of gun-cotton and trinitroglycerine. Cordite is 
a mhcture of gun-cotton and a coal tar derivative, trinitrotoluene. 

All the classes we have touched on so far occur commonly in nature or as 
objects of domestic use. Those on which we shall now touch are mostly 
laboratory products which are important as steps in the replacement of one 
radicle by another. Two of these have been mentioned—the alkyl halides, 
(like methyl iodide) and the alkyl cyanides (like methyl cyanide). The alkyl 
halides and cyanides are two of many classes of halogen and “cyanogen” 
derivatives of organic compounds: for instance, the acid chlorides 
(X. CO. Cl); the chloracids in which a halogen replaces hydrogen in the X 
radicle or alkyl pm of the acid, e.g, CHgQ COOH (monochloracetic acid); 
and the chlorhydrins, e.g. CH2Q(0H). 

The add chlorides, e.g. acetyl chloride used as a cellulose solvent are formed 
by reaction of a dry acid with a reagent called phosphorus trichloride. Thus 
acetic acid (CHgCOOH) gives acetyl chloride CHj. CO. Q. This is one 
reason why we write the formula of an organic acid X. COOH and not 
X. COgH. With the sodium salt of an organic acid, an acid chloride reacts to 
produce an acid anhydride, e.g. acetic anhydride (CH3C0)20. Acetic 
anhydride has the same relation to acetic acid as CO2 has to carbonic acid. 
Organic acids react with chlorine to form a mixture of cklormds, just as 
hydrocarbons (p. 603 ) react with chlorine to form alkyl halides. The cUorine 
atom of either an acid chloride or a chlor-acid can be replaced by the amino 
radicle NHg when these compounds are treated with ammonia. Ghlor-acids 
then give rise to e.g. mon-aminoacetic acid CH2NH2COOH, 

which are weak electrolytes. Amino-adds are bricks of the protein molecule 
(which breaks up into them as the result of digestion) just as simple sugars 
are the bricks of the cellulose or starch molecule. Most proteins yield some 
amino-adds which also contain an SH or S™S radide. The action of chlorine 
in solution on the presence of a copper compound, which acts as a catalyst, 
converts hydrocarbons of the ethylene (CgH^) series into substances called 
chlorhydrins such as CHj. Cl. CHgOH. With potassium cyanide these 
reaa to form cyanhydrins such as CHg. CN. CHjOH. The CN radide 
can be converted into the COOH radicle on hydrolysis, i.e. boiling with 
water. So this is one way of synthesizing the hydroxy acids like hydra-cryhc 
acid (CHgOH. CH2COOH). 

Other very important dasses of reagents in addition to these are the 
metallo-organic compounds and a series of nitrogen derivatives the amides, 
isocyanides, nitro-hydrocarbons and amines. 

(1) The Mdallo-Organic Compounds.‘~-Zmc dust and magnesium powder 
are dssolved by alkyl halides (which are liquid) to form substances such as 
zinc methyl, represented by the formula Zn(CH3)2 or magnesium methiodide 
Mg(CH3)I. These compounds are highly unstable ones. They decompose in 
water giving off hydrocarbons according to the general reaction 


2H20 + Zn(X)a’^2XH-i-Zn(0H)g 
2 H ,0 -h Mg XI XH -I- Mg (OH)I + HjO 
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(2) One of the prindpal reasons why we represent the carboxyl 
radicle as COOH is that organic acids give rise to a dass of crystalline com¬ 
pounds called amides. In amides the COOH group is replaced by the com¬ 
plex radicle CONHg. They can generally be formed by heating the ammonium 
salt of the add. Thus heating ammonium'acetate (CHg COO . NH4) leads 
to elimination of a molecule of water giving acetamide. This substance has 
the smell of mice. Its constitution is CH3. CO. NH2. The amides can also 
be made by treating an add chloride with ammonia (e.g. CH3.CO.Cl 
becomes CH3. CO. NH2). 

The formation of an amide in this way reminds us that we can regard 
them as substances formed by substituting the add radicle X .CO of 
an add chloride for a hydrogen atom in ammonia (NHg). Ammonia combines 
with adds to form salts, and amides do so as well. Urea NH2. GO. NH2 
may be regarded as an amide formed by replacement of both OH groups 
in carbonic add (H3CO3) if we represent the latter as HO . CO . OH. Urea 
combines with various dibasic organic acids to form a series of very im¬ 
portant compounds called ureides. Thus it combines with malonic add 
(COOH. CH2. COOH) to form malonyl ureide or “barbituric add” 

.COOH NH2. /CO-NHv 

CH2< + >C0-CH2< >C0-b2H20 

\c»0H nh/ \;o-nh/ 

The important hypnotics and anaesthetics called veronal, medinal, evipan, 
etc., are barbituric derivatives. Alloxan, a ureide of great importance 
corresponding to a hypothetical “mesoxalic” add COOH. CO. COOH, 
occurs as an excretory product, which is represented by the formula 
CO. (C0NH)2 : CO. This forms a second ureide which is uric acid. 

CO-NH>^ 

.NH-i 

CO( 1 |, 

^NH”C—NH 

The drug caffeine in tea and coffee is a trimethyl derivative of xanthine, a 

reduction product of uric acid. , . - . 

( 3 ) The Amines.-^'By boiling an alcohol vrith a solution of potassium 
nitrite (KN02) we can get an alkyl nitn’te. By heating its halogen derivative 
with dry potassium cyanide, we can make an alkyl cyanide. With the silver 
salts of nitrons add (silver nitR'te or Ag NOa) and prussic add (silvercyanide, 
Ag CN) they form peculiar compounds which have the same molecular weight 
and percentage composition as the alkyl nitrites or cyanides but totally differ¬ 
ent properties. These dasses are respectively called nitro-hydrocarbons and 
isocyanides. The action of fine bubbles of hydrogen &om tin and hydro¬ 
chloric add or prolonged boiling with caustic potash converts an alkyl 
nitrite into the corresponding alcohol. Thus methyl nitrite formed by the 
action of nitrous add on methyl alcohol yields methyl alcohol and nitrous 






524 Science for the Citizen 

acid. Nitro-methane, which has the same formula (CH3NO2) as methyl 
nitrite, is not decomposed by boiling with caustic potash. An ailcyl cyanide 
yields an organic acid when it is boiled with , a dilute mineral acid. 
An alkyl isocyanide when boiled with dilute acid yields a compound 
called an mine. So does a nitro-hydrocarbon when treated with tin and 
hydrochloric acid. 

The amines like methylamine CH3NH2 may be regarded either as hydro¬ 
carbons with one or more NH2 radicles in place of one or more hydrogen 
atoms, or alternatively as ammonia derivatives in which one or more hydro¬ 
carbon (alkyl) radicles replace one or more hydrogen atoms. Simple amines 
of the generd formula ^(NHg) like methylamine CH3(NH2) are formed: 
(a) by prolonged boiling of an isocyanide (XNC) widi hydrochloric acid; (b) 
“reduction” of a nitro hydrocarbon (XNO2) with fine bubbles of hydrogen 
from tin and hydrochloric acid; (c) action of bromine and caustic soda together 
on an amide (X. CO NHj). The reduction of a cyanide (XCN) by sodium 
amalgam and water also gives an amine (X, CH2NH2); but the amine formed 
is the next higher up in the series. 

The amines are substances which generally have a fishy odour. They 
combine with water, forming hydroxides analogous to amtnrini a (e.g. 
CH3.NH3.OH from CH3.NH2); and these hydroxides, unlike alcohols, 
are electrolytes, forming (as do the amines alone) salts film ammonium salts 
generally soluble in water. The salts formed by combination of an amine (or 
its hydroxide) and chloroplatinic acid, like the corresponding salts of sodium 
or ammonium, are insoluble in water. Although otherwise very stable amines 
are easily changed into the corresponding alcohols (X. OH) by reaction with 
nitrous acid (HNOg). The aromatic amines are of two kinds. If the NHj 
radicle replaces a hydrogen atom of the side chain the resulting compound is 
a basic compound which forms salts with acids, just as substitution of an OH 
group in the side chain of an aromatic hydrocarbon yields a typical alcohol. 
The presence of an NH2 attached to the nucleus gives a class of compounds 
which have only feebly basic properties. This is consistent with the behaviour 
of the phenols which do not readily form esters with mineral acids. 

RULES OF SYNTHESIS 

When a chemist wants to know the make-up of the molecule of a carbon 
compound, he first determines its vapour density or its osmotic pressure in 
solution to ascertain its molecular weight. He then incinerates it in presence 
of oxygen and determines the weight of carbon dioxide, water vapour, 
nitrop, etc., formed from a weighed amount, to get its percentage com¬ 
position. He thus obtains the number of atoms of each constituent element 
in the molecule. To see how these are arranged he is guided by three general 
considerations. 

The first is the principle of valency. Suppose a compound has been found 
to have the composition indicated by the formula CjH^Og. As stated earlier, 
the pictorial representation of this shows that if the valencies of all the atoms 
are fully satisfied, there are comparatively few ways in which the atoms can 
be arranged. Thus the arrangement may be: 
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H o-H 

1 / 

H-C-C 


(a) CHa.COOH 


0-^C-H 
H-C H 
0 

(6)H.COO.CH, 


H H 

I / 

H-O-C 

I % 

H -0 0 


(c) CHjOH.CHO 


With tliese preliminary considerations to narrow down the field, the chemist 
next makes use of what he knows about (i) the physical properties of cMercnt 
classes of compounds, and (ii) their chemical behaviour. One fact which has 
not been explicitly stated about the physical properties of carbon compounds 
is that the lower members of series containing an OH radicle—standing 
alone (c), or as part (a) of the complex radicle COOH— is that they are 
generally soluble in water. Again, ±e lower members of series with the 
complex radicle COOX of the organic esters have a fruity smell. This is a 
characteristic of methyl formate represented by the middle formula 
(H . COO . CH3). Acetic acid (CH3COOH) and glycoUic aldehyde 
(CHgOH. CHO) are water soluble. Methyl formate is not. 

The chemical behaviour of CgH^Og, if an ester, is straightforward. On 
prolonged boiling with a mineral acid it will give an alcohol (methyl alcohol) 
and an acid (formic acid). On prolonged boiling with an alkali it will yield 
an alcohol and a metaUic salt (formate). If it were an organic acid it would 
not be decomposed by boiling with a mineral acid. It would simply form a 
metallic salt (acetate) if boiled with an alkali. It would decompose a car¬ 
bonate, and it would combine with ammonia to form a weak electrolyte 
convertible by heating into an amide. The latter would yield the fishy odour 
of an amine when treated with bromine and caustic soda. A substance repre¬ 
sented by formula (c) would not be an acid and would not decompose car¬ 
bonates. Having the complex radicle CHgOH it would be easily oxidized by 
oxidizing agents like potassium permanganate to form first another aldehyde 
(glyoxal), and then an acid (oxalic acid), COOH . COOH. Having the 
^dehyde radicle CHO, it would react with ammonia to form a compound 
which would not be an electrolyte. It would not yield amides on heating. 

Suppose now that the substance represented by the formula C2H4O2 
is also a substance which human beings value as a flavouring essence or per¬ 
fume, and that the chemist had decided that its make-up is indicated by 
writing the formula as H. COO . CH3 which shows it to be the ester of 
methyl alcohol {CH3OH) and formic acid (H . COOIp. We now have 
two choices. One is to look for some plant in whose juices it occurs as a 
trace, and cultivate it. Alternatively, we can make it W any convenient 
source of organic material. Which we decide to do will depend on the 
kind of social economy in which we live or the kind in whiii we intend 
tolive.'' 

If we are content with the urban congestion of the steel-coal economy 
we shall instruct the chemist to make it out of coal. This is easy when he 
knows that it is an ester of methyl alcohol (CHsOH) and formic acid. Methyl 
alcohol is methane (GH4) of coal gas with one hydrogen atom replaced 
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by the hydroxyl radicle (OH). Formic acid (H. COOH) is methane in which 
the carboxyl radicle COOH replaces the alhyl (methyl) radicle CHg. 


H~C~H H-C-H 

[o''h1 H 

Methyl alcohol Methane Formic acid 

The chemist’s problem is then (a) to replace a hydrogen atom by (OH), 
(b) to replace a methyl radicle (CHg) by COOH. The general rule for (a) is 
to replace H by iodine bromine or cHorine. These elements react directly 
with hydrocarbons to form alkyl halides which can be converted into the 
corresponding alcohols by boiling with caustic potash. To replace a methyl 
group by COOH we have first to convert it into CHgOH. In this instance, 
this is the same thing as making methyl alcohol itself. The complex radicle 
CHgOH when acted upon by a strong oxidizing agent gives place to COOH. 
So formic acid is obtained by oxidation of methyl alcohol. 

Alternatively we may hold that coal exacts too high a price in social comfort, 
cleanliness, and privacy. If we prefer green fields and forests to the cultural 
advantages of London fogs we are not compelled to embark on colonial 
war to secure some exotic plant m which traces of the required substance 
occur ready made. Methyl alcohol is one of the three major disintegration 
products when cellulose is subjected to dry heat, the others being acetic 
acid and acetone. It can be obtained by dry distillation of wood pulp directly, 
and can be oxidized to formic acid in one step. The technics problem of 
creating an economy of human welfare with abundance of commodities 
along with healthy and spacious conditions of life is therefore the problem 
of replacing one radicle by another in a carbon compound. 

We shall now briefly survey the rules for building up any simple carbon 
compound from any convenient source, under four headings: (a) reagents, 
(b) substitutions, (c) ascent and descent of series, (d) “nucleus and side chain” 
transformations. 

(a) Reagents employed in organic syntheses may be classified 

according to the class of reactions they bring about. Four most important 
classes arc (c) hydrolysis, i.e. splitting a molecule into bricks combined with 
the OH or H of the water molecule; (b) dehydrolysis, i.e. removing a molecule 
of water; (c) oxidation; (d) reduction. 

Hydrolysis or prolonged boiling with mineral acids or alkalis with excess 
of water splits up esters and alkyl halides with the formation of organic acid 
and alcohol or metallic salt and alcohol, and also replaces the CN radicle 
by GOOH (with production of ammonia) as in making a monobasic acid 
(X. COOH) from an alkyl cyanide (XCN), a hydroxy acid [X. (OH). COOH] 
from a cyanhydrin [X.(OH),CN], or a dibasic acid [X.(CGOH)2] from a 
cyanacid [X. (CN). COOH]. 

Dehydrolysis with phosphorus pentoxide or phosphorus pentachloride 
converts an amide (X. GO .NHjj) into a cyanide (X. CN + HjO). De- 


0 

II 

C-O-H 
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hydrolysis with sulphuric acid converts an alcohol into (a) an ether or {b) an 
unsaturated hydrocarbon (CoHgOH-> C8H4 + HgO), according to the 
temperature at which it is earned out. 

For oxidation, potassium permanganate may be used to convert an alcohol, 
ketone or aldehyde to an acid. Potassium dchromate and sulphuric acid 
together are used to convert an alcohol to a ketone or aldehyde. Alcohol 
vapours passed with air over hot platinized asbestos usually oxidize to the 
acid (metiiyl alcohol is only oxidized to the aldehyde by this method). Bromine 
and potash (or soda) are together used to convert an amide X. CO . NH2 to 
an anine X. NHg. 

For reduction, i.e. introduction of hydrogen into, or removal of oxygen 
from, the molecule, various reagents are used: (a) tin and hydrochloric acid 
together make fine bubbles of hydrogen for converting a nitro-hydrocarbon 
(XNOg) to an amine (XNHg), (b) sodium amalgam is used to convert a ketone 
or aldehyde into an ^cohol, (c) zinc dust will convert an alkyl halide into a 
higher paraffin (e.g. CHgl-^CgHJ, (d) the “zinc-copper couple” (zinc 
dipped in copper sulphate to deposit a thin film of copper) converts an alkyl 
halide to the corresponding paraSin (e.g. CHgl -> CPIJ. 

(p) Std}stitutim.—ThQ most important of the simple radicles in carbon 
compounds which occur in natural products are —OH, —COOH, —CHO, 
=CO, — 0 — (ether), —CONHg (amide), —NHg (amine and amino acid). In 
addition to these are the radicles which are important as steps in the replace¬ 
ment of a hydrogen atom by any of the above, e.g. —Q or I, -NOg, -CN 
(cyanide) or —NC (isocyanide). 

The substitution of a halogen for a hydrogen atom in the formation of 
alkyl halogen substitution products or cbloracids is brought about by direct 
union of a hydrocarbon or organic acid with a halogen. Substitution of a 
halogen for an OH group in an alcohol (e.g. CgHgOH CgHjI) is effected 
by action of the halogens in presence of red phosphorus as a catalyst. An 
OH group m the compound radicle COOH can be replaced by Cl through 
the action of phosphorus trichloride or pentachloride on an acid (e.g. 
CHgCOOH-^CHgCOCl). The CN radicle can always be made to replace 
a Cl atom by heating the halogen derivative with potassium cyanide. The NC 
radicle (isocyanide) is inserted by using silver cyanide. The OH radicle is 
introduced by replacing a halogen atom in the hydrolysis of the halogen 
derivative (CgHgCl CgHgOH) or substitution for the NHg group by action 
of nitrous acid. Unsaturated hydrocarbons of the ethylene series combine 
with hypochlorous acid (chlorine in water) to add one OH radicle and one Cl 
atom to the molecule. The COOH radicle is introduced by substitution for 
the CN radicle when a CN derivative is hydrolyzed. The CHO group is 
introduced by oxidizing a compound containing the complex radicle 
—CHgOH, or reducing one with the complex radicle —CHg COOH. The 
CO group is introduced by oxidizing a compound with the complex radicle 
=CHOH, or reducing one with the complex radicle >=CH . COOH. The 
radicle —0— of ethers or acidic anhydrides [e.g. (CH3C0)20] is obtained 
by treating an alcohol or acid with a strong dehydrating agent. The complex 
radicle -CONHg is introduced by heating the ammonium salt of a COOH 
derivative, or by treating an acid chloride with ammonia. The NO^ “nitro” 
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group of the nitro-hydrocarbons is introduced by heating a halogen deriva¬ 
tive vdth silver nitrite. By the action of a reducing agent (e.g. tin and hydro¬ 
chloric acid), the NH2 group can replace the CN group of a cyanide. 

By hydrolysis it can replace the NOg group of a nitro-hydrocarbon. The NHg 
group can also replace a halogen atom when a halogen derivative is heated with 
ammonia; or replace the CONHg radicle by oxidation with bromine and 
caustic soda. The complex radicle “-CHgNHg replaces the cyanide radicle 
when , a CN derivative is reduced with sodium in alcoholic solution. These 
substitutions are summarized briefly in Fig. 264 . 

(c) Ascent or Descent of The substitution of one alkyl radicle 
(G„H2 „+i) by another is equivalent to moving up or down in a “series.” If 
we know how to replace the OH radicle of an alcohol or the COOH radicle 
of an organic add by the radides characteristic of other classes of organic 
compounds, we can do this provided we know how to make an acid or alcohol 
higher up or lower down in the same series as any particular acid or alcohol. 

To go up one step, e.g. from methyl to ethyl alcohol, we can make successively I 
(Fig. 264 ) the halide, cyanide, and higher amine, thus: ' 

(i) CH3OH (methyl alcohol) to CHal (methyl iodide) by heating with 

iodine in presence of red phosphorus. 

(ii) CH3I to CH3CN (methyl cyanide) by heating with potassium cyanide. 

(iii) CHgCN to CgHgNHj (ethylamine) by reduction with tin and hydro¬ 

chloric acid. 

(iv) CgHgNHa to CgHgOH (ethyl alcohol) by boiling with nitrous acid 

(MOg). 

The converse process of stepping dovm, illustrated by the conversion of ethyl 
alcohol into methyl alcohol, involves oxidizing the alcohol, making the amide, I 
and converting this into an amine, thus: 

(i) CgHgOH (ethyl alcohol) to GFIs. COOH (acetic add) by oxidation 

with permanganate. . 

(ii) CH3COOH to CHg. CO. NHg (acetamide) by heating the ammonium . 

sdtoftheadd. 

(iii) CH3. CO. NHg to CH3NH2 (methyl amine) by heating together 

with bromine and caustic soda. 

(iv) CFIjNHg to CH3OH (methyl alcohol) by boiling with nitrous acid. 

To make a long jump in a series, as from methyl alcohol of wood spirit to ;; 
amyl alcohol whose acetic ester is used as a cellulose acetate solvent, or from , 
acetic acid of vinegar to stearic acid of mutton fat and soap, is a long process, if 
taken one step at a time. There are two important syntheses which make it 
possible to replace an H by an alkyl radide traversing as many steps as we 
wish in one reaction. 4 

Higher alcohols can be synthesized from lower ones by the reaction of 
metallo-organic compounds with aldehydes and ketones. To make higher 
primary alcohols a magnesium alkyl halide is treated with formaldehyde 
thus: 

H.CHO-t-XAlgl-^X.CHjOH 
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Fig, 264.—Order of Substitution of Common Simple Radicles in the Hydro¬ 
carbon Molecule 

I and 2 are so written to indicate that they are addition compounds with NH, and 
HCN respectively. The reaction with HCN can be used to make hydroxy-acids 
such as lactic acid in which tlie OH and COOH radicles are attached to the same 
carbon atom. 
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To make a higher secondary alcohol, a magnesium alkyl halide is treated 
with acetaldehyde, thus: 

CHgCHO + X Mg I ^ X. (CHg). CHOH 

The higher members of a series of alcohols may have the monovalent complex 
radicle CHgOH of a primary alcohol, the divdent CHOH of a secondary, or 
the trivalent COH of a “tertiary alcohol.” A tertiary alcohol can be made by 
treating a ketone with a magnesium alkyl halide, thus: 

X,.CO.Xj + X,MgI^X«XACOH 

All three types may be illustrated by the preparation of the three butyl 
alcohols C4HgOH. Primary butyl alcohol (CgH,. CHgOH) can be made by 
treating formddehyde with magnesium propyl iodide (C3H7MgI). Secondary 
butyl alcohol (CgHj. CHg. CHGtl) can be made by treating; acetaldehyde 
with ethyl magnesium iodde (CgHjMgl). Tertiary butyl alcohol, which is 
(CHg)g. COH, is made by treating acetone (CHglgCO with magnesium methyl 
iodide (MgCHgl). These reactions illustrate the general principle involved 
in making a series of alcohols with high molecular weight from lower members 
of the same series, like methyl or ethyl alcohols. 

To synthesize Mgher fatty acids from lower ones either of two important 
esters, ethyl malonate or ethyl aceto acetate, are used as essential reagents. 
Both esters react with sodium in alcoholic solution (sodium alcoholate) to 
form (a) compounds m which one hydrogen atom is replaced by sodium. 
The sodium derivative reacts (h) with an alkyl halide to form an ester in 
which the alkyl group replaces the sodium atom. This ester is decomposed by 
heat, yielding a higher acid. With ethyl malonate (the ester of ethyl alcohol 
and malonic acid) the process is: 


/COOCgHg 
(a) CHg( 

\COOCgHg 


CHNa^ 


yCOOCgHg 


(6) CHKa< 


COO CgHg 


-hXI 


CHX( 


"COO CgHj 
/COOCgHg 
"COOCgHg 


/H 

CHX( 

^COOH 


"COO CgHg 

yCOO CoHg 
(c) CHX( 

^COO CgHg 

Thus if the alkyl halide is CgHjI (ethyl iodide) we get one of the butyric acids. 
Ethyl aceto acetate obtained by action of sodium on ethyl acetate and subse¬ 
quent distillation with acetic acid reacts in a similar way, thus: 

^CO.CHg 


(«) CH. 

^COOlCgHg 
Ethyl aceto acetate 
/CO.CH, 

(J)CH.Na< ‘- 1 -XI 
^COOCjHb 


yCHg.CO 

CH.Na( 

^COOCgHg 


CHX 


^CHg.CO 


COOCgHg 
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On heating the alkyl substituted ester we get with caustic potash, it decom¬ 
poses thus: 


(c) CH.X<^ 


CO. CHg 
COOCgHg 


CHX< 

\COOH 


Higher hydrocarbons of the fatty acid series can be made from lower ones 
by the action of powdered zinc on the alkyl halide according to the recipe: 


2XI^X2 + 2HI 

Thus methane can be converted into butane (C4H10) in the following steps: 

^^4 CPI3I CgHB(ethane) -> CgHgl CbHib 

(d!) Nucleus and Side Chain SuhstUutim.—Gcmdi rules of synthesis for 
the derivatives of the fatty series also apply to the aromatic compounds 
which have a stable nucleus of six carbon atoms. When dealing with the latter 
it is also necessary to distinguish between substituting a radicle for a hydrogen 
atom in the side chain and substituting a radicle for a hydrogen atom attached 
to the nucleus. 

The fundamental reason for representing the benzene molecule by a central 
group of six carbon atoms attackd to one another depends on the number 
of its substitution products. When only one hydrogen atom of benzene is 
replaced by a radicle, only one compound with the same formula is formed. 
Thus ±ere is one hydrocarbon CgHgCHg or C^Hg toluene, one substance 
CgHj. COOH benzoic acid, one substance CgHgOH phenol, one substance 
CgHg . NHg aniline, one substance CjHj. NOg nitrobenzene, etc. On the 
oliier hand, four substances have the formula CgHig, one corresponding 
to the substitution of CHg in the methyl radicle of the side chain, of toluene, 
and three arrangements resulting from two substitutions of CHg in the 
nucleus of benzene, as explained on p. 509 . Similarly there are four substances 
with the formula C7H7COOH, viz. three toluic acids CHg. C6H4. COOH 
and one phenyl acetic acid CgHj. CHg. COOH. There are four substances 
with the formula C7H7OH, benzyl alcohol CgHgCHgOH, and three nuclear 
derivatives of toluene, the toluic phenols or cresols, CHg. C8H4OH. Thus the 
arrangement of the atoms and radicles in an aromatic molecule raises three 
problems: (a) how we recognize when a radicle replaces a hydrogen atom in 
the nucleus or side chain; (b) how we can recognize the various arrangements 
to which we attribute the existence of different compounds arising by sub¬ 
stituting more than one radicle in the nucleus. We can get an answer to the 
first question by comparing the derivatives of benzene with those of higher 
hydrocarbons in the same series. 

If chlorine is passed into cold benzene in the presence of a catalyst, a sub¬ 
stance called monochlorbenzcne (CgHgCl) with one substituted halogen atom 
can be obtained. It is not a typical halide, It is not converted into an alcohol 
by boiling with a dilute alkali. If chloiine gas is passed into cold toluene three 
substances with different boiling points arid a single chlorine atom in each 
molecule are formed. These chloro-toluenes have the same general formula 
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Fig. 265 

Simple syntheses from the Benzene which Faraday first identified in Goal Tar. 
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C^Hya. A fourth substance called benzyl chloride with the same formula 
(C,H7Q) can be separated when chlorine is passed into boiling toluene. 
Unlike the chloro-toluenes or monochlorbenzene, benzyl chloride yields a 
typical alcohol (CjH^OH) when boiled with a dilute alkali such as sodium 
carbonate solution. Benzyl chloride yields derivatives with the same general 
formulae as the chlorotoluene derivatives. Their properties are very different 
from those of the chlorotoluene or chlorobenzene derivatives. 

When a mixture of strong nitric and sulphuric acid is added slowly to cold 
benzene, one substance called nitrobenzene (CgHgNOa) is produced. This 
substance is not much like the nitro-paraffins. If benzyl chloride is heated 
with silver nitrite a substance called phenyl-nitro-methane is found. It has 
the formula C^H^NOg. With the same formula (C^H^NOg) there are three 
substances called the nitrotoluenes prepared by “nitrating” cold toluene with 
a mixture of strong nitric and sulphuric acid. The nitrotoluenes, prepared 
by a method analogous to the preparation of nitro-benzene, have similar 
properties to the latter. They can be reduced by iron filings and hydrochloric 
acid. From the reduction of nitro-benzene the substance called anilinp 
(aminobenzene) is formed. Aminobenzene is not a typical amine, as its formula 
(CeHgNHa) would suggest. Three amino-toluenes can be made by the 
reduction of the nitro-toluenes. Their formula C^HyNHj also stands for a 
compound which can be made by the action of ammonia on benzyl chloride. 
This substance called benzylamine is a typical amine. 

When a cooled mixture of sulphuric acid and aniline is treated with nitrous 
acid and subsequently heated, phenol (CgHjOH) is produced. This substance 
is not like the alcohols of the paraffin series. It does not readily form typical 
esters, and it cannot be formed by hydrolysis of monochlorbenzene. By 
analogous treatment of the three nitro-toluenes three compounds called 
cresols (C-H^OH) can be prepared, Like phenol, the cresols do not form 
esters with ordinary organic acids. In ±is respect they are quite different 
from the benzyl alcohol which can also be represented by the formula 
C7H7OH. 

Thus we get one class of substitution products with analogous properties 
to those of benzene when we treat toluene in the same way. Corresponding 
to each benzene derivative in wliich only one hydrogen atom is replaced by 
a radicle, three slightly different toluene compounds with only one substituted 
radicle can be formed. A second class of single derivatives with corresponding 
formulae can also be made from toluene. The properties of these compounds 
do not resemble those of simple benzene derivatives. Benzene has no side 
chain. Only one substitution product can be formed from it when only one 
hydrogen atom is replaced. The replacement must occur in the “nucleus.” 
Toluene has a side chain. Relative to the side chain there are three different 
positions in which any of the five hydrogen atoms of the nucleus can be 
replaced. Hence there should be three substimtion products by replacement 
of a hydrogen atom in the nucleus. Besides this a totally different kind of 
substitution can qccur in the toluene molecule. One (or more) of the hydrogen 
atoms of the side chain itself can be replaced. Since the class of derivatives 
of which benzyl chloride is the parent substance do not resemble chlor¬ 
benzene compounds, we conclude that the class of which benzyl chloride is 









534 Science for the Citizen 

the pmt u dm to side chain rnhstiiatm and that side chain substitution leads 
to the production of compounds mik popertks more like those of paraffin 
derivaims, 

The methods of substitttion appropriate to each class are summanMii 
in the accompanying table, which calls for a word ot explanation, ihe 
aromatic hydrocarbons readily combine with strong sulphuric acid to form 
“sulphonic add” itivatives in which the radicle (HSO^) replaces one or 
mom hydrogen atoms of the nuclm. These derivatives when heated give rise 


METHODS OF SUBSTITUTION 


RflcHde 

Nuclctu 

Side Chain 

Cl, Ik 

Puss CIj, or ikn into cold in pitscnce 
of a caialyst (iodine, etc.). 

Puss Cij, or Bfj Into boiling flut'd. 

NOjj 

Action of stremg nitric add. 

Action of silver nitrite. 

CN 

KCN on diloro-dMivalivc, 

KON on ddoffi-derivarive. 

COOH 

(a) Oxidation t){ alkvl ,u'i)nii w- 
ttched to midfiij By KMndj. 

(?;) Hydrolysis ol ON dcriviitivr. 

Ilyilrolysis of CN tierivativt. 

OH 

(а) Reduaion of Nf derivative 
by nitrous add, 

(б) Heating sulphuric add tkriva- 
tivc dry with MaOH. 

(it) Reduction of NHg derivative 
by nimius add. 

(b) Hydrolysis of halogen dcrivi- 
tivc with KOH, 

NH^ 

Reduction of Nitvo derivative with 
tin and HCl. 

Redrit'tion of Nitro derivative with 
till and HCl, 

Alkyl 

Boil with alkyl lialide, using anhy¬ 
drous iluininiiuii chloride as 
catalyst. 

Tieiit with alkyl lialidc in pres¬ 
ence ttfstHiiiirn. 


to phenols, i.e. OH nudesu: substitution products. Treatment of aromatic 
hydrocarbons with either nitric or sulphuric add may give rise to one, 
two, or more l>.g. trinitrotoluene CHa C'fitl5,(NOg)al nuclear substinitions 
according to the time and heat applied. One other point worth mentioning 
is that any alkyl group in the nudeus of an aromatic compound is convcitcd 
into the radicle COOH by the attion of an oxidizing igcnt Ilk potassium 
pemianganate. Hence ethyl benzene Cyd^, .CaHu is oxidized to benzoic 
add CjHi,. COOH, but the three xylenes CnhyCHa)! ire oildizcd to the 
phthaJic adds C^IUCOOU)^ with two COOH radides. 

Another question which arises when identifying or synthesizing aromatic 
compounds is how various substanca may result from thc murutl tclarions 
of the same mdicks in the nuclear part of the molccide. When there are two 
radjdes as in xylene we datiupsh three possible arangements, called thC' 
ortho (o),meta (w), and para (p) forms, which have very ttmilir dsaimW but 


'^ he Last Resting Place of Spirits 535 



Pm. 206 ,—Some Benzene Derivatives 
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different physical properties (such as boiling points), according as the radicles 
are next, next but one, or next but two, apart, viz.: 



A 


The recognition of each of these depends on inserting another radicle in the 
nucleus. If the original substance is a para-compound with two identical 
radicles (A) this can only be done in one way, since the third (B) must be 
next to one or the other and is 


A 



A 


If it is an ortho compound, this can be done in two ways, since the third may 
be next to one of the others or next but one. 


A 

A 

B/\h 

Aa 

o->(i) 

or(ii) 

u 

V 


If it is a meta compound, a mixture of three products may result, because 
the third may be between the other two, next to one only, or next to neither, 
thus 


A A A 



The pictorial hexagon of carbon atoms is sufficiently justified by the fact 
that tins rule applies consistently to the substitution products of any aromatic 
compound, Thus p-xylene, which only forms one trimethylbenzene 
CjH 3(CH3)3 by nuclear substitution of an additional methyl radicle, is 
oxidized to p-phthalic (terephthalic) acid CgH4(COOH)2, which only yields 
one substance C6Hg(N02)(C00H)2 when a nitro group is introduced. On 
the other hand, o-xylene, which yields two trimethylbenzenes, is oxidized to 
form ordinary (o-phthalic) add which yields two substances with 
the constitution GeH3(NO^(COOH)2. The meta form of xylene yields the 
same two trimethylbenzenes together with a third one, msitylene or 1—3—6 
trimethyl benzene. Needless to say, the hexagon figure is merely a diagram. 
It is not a picture of the molecule, which no one has ever seen. Itis a planof 
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action which, like the ordnance survey map, teUs us how to get somewhere 
and how to recognize when we have got there. 

Once having settled how to recognize an ortho, meta or para form we can 
study the conditions which govern the substitution of radicles to get the 
best yield of the one we want. Two rules summarize what we have to do, if 
we wish to get the best yield in substituting a second radicle in the nucleus of 
a benzene derivative, 

(i) A second group prefers the meta position to one of the following 
already attached to the nucleus: 

HSOs CHO CN COOH NOg 

(ii) A mixture mainly composed of ortho and para compounds is formed 
if one of the following is already attached: 

Alkyl, halogen, OH, NHg. 


Hence when we are applying the rules for side chain and nuclear substitution, 
the route chosen depends on which type of a compound is required. For 
instance, if we want to make a toluic aldehyde from benzene, we obtain the 
para form thus: 


COOH CHO 


To get the meta form we proceed thus: 


COOH COOH COOH CHO 


In the less volatile fractions of coal tar there are aromatic hydrocarbons with 
nuclei of more than six carbon atoms. The two most important are naphtha¬ 
lene C 10 H 3 (also present in Russian petroleum) and anthracene Gi 4 Hio. 
Anthracene is the parent substance used in the synthesis of alizarin. The 
simplest are tlie azo dyes derived from the anilines or nuclear NHg substitu¬ 
tion products of the benzene series. When the aromatic amines are reduced 
with nitrous acid they yield alcohols. When the anilines are reduced with 
nitrous acid they only yield phenols after prolonged boiling. The first product 
of reaction in cold solution is a “diazo” salt which combines with phenols and 
various other benzene derivatives to form richly coloured substances. 


A pla™ economy op carbon compounds 
Although the discovery of benzene in coal tar was made by Faraday in 
England, where the commercial exploitation of coal tar products first 
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developed, the development of the British coal tar dye industry was almost 
entirely neglected till after the European war of 1914>18. The story or 
the dye industry is told by Hale in the following passage from Chmistry 
Tmmphani: 

In^ 1866 occurred a discovery of far-reaching import. Sic William Henry 
Perkin, working in the laboratory of A. W. Hofmann, then a professor at the 
Royal College of Chemistry in London (1845-65), accidentally discovered 
among the oxidation products of aniline with chromic acid a compound ex¬ 
hibiting tinctorial properties. It was the first synthetic dye. Within a year 
(1857) a small plant was built by Perkin at Greenford Green and this violet 
dye under the name of mauve at once entered commercial production. The 
starting point for this dye was aniline (CgHjNHj) which is me amino (NH), 
derivative of benzene; aniline was prepared by reduction of the nitto (NOj 
derivative of benzene arising by action of nitric acid (HNOa) upon benzene 
itself. These manufacmring steps were fraught with difficulties and expense. 
Anything like chemical control was unknown; thus by a mere shift in an 
oxidizing agent upon crude aniline a red dye known as magenta made its 
appearance. This latter was placed in commercial production in 1859 at Lyons, 
France. In 1868 the German chemists Graebe and Liebermann, starting with 
anthracene (a hydrocarbon isolated from coal-tar), were able to synthesize a 
naturally occurring dye Imown as alizarin, which when precipitated on fibre 
is called turkey red. This dye was then obtained from the roots of the madder 
plant. . . . Thus the chemist was brought directly in conflict with one of the 
oldest of agricultural pursuits; this dye was used by the ancient Egyptians on 
mummy cloths. Still another class of dyes called azo dyes, by reason of their 
containing a pair of nitrogen (called azote in French) atoms, was discovered in 
Hofmann’s laboratory in 1858 by Peter Griess. But this growing interest in 
synthetic chemistry was soon to be transferred to Germany whither Hofmann 
returned in 1865. From this latter date to 1874 there was not even a professor¬ 
ship in organic chemistry in all England. No instance of such extreme stupidity 
on the part of any two nations has ever been recorded in the history of the 
world as when France and England gave up the dye industry to Germany. 
By 1880 the dye industry, under German tutelage, was rapidly gaining recog¬ 
nition. The uninviting coal-tar distillates constimted the source of its various 
hydrocarbon starting points. ... At about this time von Baeyer’s unravelling 
of the constitution of indigotine (indigo) turned everyone’s attention to its 
possible manufacture. Indeed this may be desaibed as the goal of goals among 
early chemists. Even after Heumann’s discovery in 1890 of the phenyl glydne 
process (as in use to-day) seven more years were required before actual manu¬ 
facture became feasible; October, 1897, marks the date when this king of the 
dyes first entered commercial production. The reasons for such delay were not 
far to seek. The state of manufacturing art was low. In the process under 
question a concentrated sulphuric acid (HaSO^), an abundance of chlorine 
(Cl), and a strong caustic soda liquor (NaOH) were absolutely necessary 
—to say nothing of the organic chemicals involved. Now these prerequisites 
were simply unattainable in quantity. Not till 1901 can the Knietsch contact 
sulphuric acid process be described as having attained practicability. Before 
1890 there was absolutely no appreciable supply of chlorine in the world. In 
that year the Griesheim diaphragm cell, applicable to aqueous salt solutions, 
was placed in actual operation. Its development paved the way for indigo. In 
this cell an aqueous sodium chloride solution was decomposed by means of 
an electric current, yielding chlorine at one electrode and a solution of caustic 
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soda at the other. . . . This new type of cell, and others following, have all 
but made the electrolytic chlorine-caustic process supreme. This urge to attain 
the indigo victory so long in the making-over nineteen years since its first 
laboratory synthesis, raised the state of chemical knowledge everywhere and 
pointed to better control in all industry, It was not long before the indigo 
chemist sought even to better his product beyond that provided by nature 
through many millennia. In 1909 Friedlaender synthesized 0,6-dibroraindigo- 
tine and found it identical with Tyrian purple of the ancients, over 12,000 
molluscs (Murex hrandam) were collected on Italian shores to yield 1-4 grams 
of this dye to confirm his research. And to-day we brominate indigo directly 
to a number of valuable fast dyes, notable among which is a tetrabrom indigo 
(Ciba Blue 2B) far superior to the ancient Tyrian purple of similar constitu¬ 
tion. Again in 190.5 Friedlaender discovered the beautiful red diioindigo, a 
direct counterpart of indigotinc wherein the imino (NH) groups of the latter 
are replaced by sulphyr (thio) atoms. ... In general these indigoid dyes 
constitute our first vat dyesj dyes that are capable of reduction to a soluble 
leuco or colourless base in “vats” or tube, and from which solutions the im¬ 
mersed textiles absorb the colourless base to be dyed (i.e. impregnated with 
the original insoluble dye) immediately that they are exposed to the oxidising 
action of air. In 190] R. Bohn discovered another type of vat dye called indan- 
threne. In brilliance and fasmess to light it has few competitors. Furthermore, 
by halogenation this fastness is enhanced. Possibly no class of dyes has attracted 
more attention of late than certain of die azo colours; they lend themselves most 
admirably to development upon the newer silks. . . . We should not forget 
that discovery is far ahead of practice. We now know the constimtion of many 
naturally occurring compounds for which we have no adequately serviceable 
manufacturing steps. Perhaps they will continue to be procured direct from 
nature. We may mention the dye curcumin (from turmeric) used in foods,* the 
dye haematein (from logwood) used on silk; and the interesting but complex 
insecticide rotenone from derris root). 

The synthetic dye industry was nursed into supremacy by tlie autocratic 
Prussian state after English chemists had discovered the &st coal tar colour. 
In the closing years of the nineteenth century unrestricted private enterprise 
was no longer a sulScient guarantee of continued technical progress, and 
the gap between theory and practice has become much greater since then. 
A high level of chemical manufactui'e is now possible without the social 
pattern of urban congestion which developed in association with the coal 
economy of private enterprise. Within the existing framework of private 
enterprise there are already processes winch might be developed further to 
provide the basis of a planned economy of human welfare with due regard 
to a congenial and healthy distribution of population, 

Perhaps the most important facet of recent progress in chemical manu¬ 
facture regarded from this standpoint is the substitution of cellulose for 
natural silk. The artificial silk industry is of very recent origin. It is already 
promoting research into a host of new problems, and among other indirect 
consequences is likely to revolutionize the production of sugar. Referring to 
its growth, Hale says (op. cit): 

In 1892 the discoveries of Cross and Sevan in England on cellulose and its 
conversion into a sodium cellulose, with final transformation by action of 
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carbon bisulpliideinto a soluble cellulose xanthate, offered immediate possibilities 
of reprecipitating the cellulose from this “viscose” state into the form of threads. 
Regenerated cellulose sheet, rendered pliable by admixture with a softener, gen¬ 
erally glycerol, is well known underthe trademark “Cellophane.” Other methods 
have come into use. Notably the reduction of nitrocellulose; the dissolving of 
cellulose m copper ammonium solution and reprecipitation; and particularly 
the production of cellulose esters (as cellulose acetate or celanese) and their 
direct employment in the arts. Derivatives of these products by higher acids are 
now in the making. They wiU revolutionize the rayon industry. The maceration 
of woody materials into pulp of high ceUulosic content has long been in opera¬ 
tion and increasing amounts are in demand. The hydrolysis, however, of 
cellulose and starch by dilute acids into dextrine and finall y glucose is'the 
outstanding development in commercial reversion of one of natm-e’s great 
steps. The Bergius process for glucose direct from sawdust calls for hydro¬ 
chloric acid, and the method devised for recovery of this hydrochloric acid 
makes for an economical operation. 

The production of sugar from cellulose or from other complex carbo¬ 
hydrates may in course of time replace the present custom of growing local 
species which store carbohydrates in the form of sugar (e.g. cane, maple, 
beet) by the production of any species which manufacture carbohydrates 
rapidly. Few plants grow so rapidly as the Jerusalem artichoke which has a 
very wide distribution. The Jerusalem artichoke produces cellulose in the 
woody fibre of stem and another complex carbohydrate inulin which acts as a 
sugar store in the tubers. This polysaccharide is easily broken down into its 
ultimate bricks of simple sugar molecules, yielding fructose or levulose 
(sometimes called levose by American writers) which is three times as sweet 
as glucose and one and a half times as sweet as cane sugar. Cane sugar yields 
a mixture of glucose and fructose. Eating levose is less dangerous to diabetics 
than eating cane sugar. It is absorbed much less quickly than glucose. A small 
operating plant for producing it already exists in Iowa. 

A brief account of the recent manufacture of wood sugar in Germany is 
given in an article on the Search for Substitutes by J. G. Crowther. 

Kirchoff, of St. Petersburg, prepared a sugarified starch in 1811, Eight 
years later Braconnet showed that sugars could be obtained from cellulose 
with sulphuric acid. In 1856 Mehsens showed that hydrochloric acid could also 
be used. Bergius and his colleagues have improved the hydrochloric acid 
process, and it is now in commercial operation. The wood gives a raw product 
containing 90 per cent of mixed sugars. This may be fed to cattle and fattens 
pigs well. Its nutritive value is equal to that of barley flour. In May, 1933, a 
wood-sugar factory, vidth a yearly output of 6,000-8,000 tons of pure carbo¬ 
hydrates, began production. The wood-sugar industry has been greatly ex¬ 
tended since, . . . The lignin residues from the process are used for making 
buttons and the lilte. . . . Only half of the wood in trees is used as lumber: 
the rest is waste. The waste cfops, twigs, and sawdust provide an unlimited 
source of sugar. Bergius states that wood-sugar can be produced in the timber 
countries, such as the Baltic States and Canada, more cheaply than cane 
sugar, and give yeast and pure glucose for human consumption besides raw 
products for cattle fodder, As carbohydrates are the basis of animal and human 
nutrition he claims that all countries with adequate wood supplies can, if they 
wish, make themselves self-supporting in food. The Germans hope that cattle 
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fed on wood sugars will provide self-sufficiency in edible fats. The Geman 
deficiency in edible fats otherwise remains an intractable problem. The direct 
synthetic manufacture of edible fats out of mineral oils derived from coal is 
still remote. Edible fats may be made out of fish oils by hydrogenation, but 
even fish oils must be imported. There is another important aspect of the vvood- 
sugar process. The glucose provided by it may be fermented by bacteria to 
give glycerine. Nitro-glycerine, the explosive, is obtained from glycerine by 
treatment with nitric and sulphuric acids. 

The disappearance of localized sugar production is one of many ways in 
which advancing scientific knowledge is making it possible to break down 
the shaip line of demarcation between industrial and agriailtural coi^uni- 
ties and to rebuild industry on a bioteclinical basis. The dairy bacteriologist 
has already made the local quality of cheeses an anachronism. Apart from 
cheese-making, the domestication of bacteria has been applied as an empirical 
art m the ancient industries of brewing and the practice of crop rotation. 
Biochemists arc daily finding out how fresh processes can be carried out by 
the agency of organisms which the bacteriologist can culture. Thus the 
essential hydrocarbon of coal gas itself can be produced in this way. The 
ensuing quotation is from Hale’s book: 

The biological hydrogenation of carbon dioxide has been demonstrated as 
far back as 1910 by Soehngen. Carbon dioxide and hydrogen brought in 
contact with putrifying bacteria yield methane. Recently Franz Fischer isolated 
from sewage certain bacteria that actually were able to reduce carbon monoxide 
with hydrogen iato methane. There was found to arise to some extent an 
equilibrimn between carbon monoxide and water as against carbon dioxide and 
hydrogen. It is possible that carbon dioxide and hydrogen are first converted 
into formic acid and then into acetic acid as intermediate products; at all 
events methane was the end product. It is Icnovm that fish in some way are able 
to hydrolyze chlorobenzene into phenol. Who knows but that some day ffie 
work of a corps of cold blooded animals will replace a high temperature, high 
pressure installation as of to-day? 

The production of power alcohol which has been made the subject of much 
attention during the recent agricultural depression in America illustrates the 
rapprochement of industry and agriculture through the application of organic 
chemistry in another way. Its extensive development would deprive coal and 
petrol of their predominance as crade articles of commerce, and by so doing 
encourage the use of other substitutes for the by-products of the coal and 
petrol industries. How far these tendencies will develop within the economy 
of private enterprise no one can foresee. There is little doubt that they 

restrictions and subsidies to reinforce pre-ejdsting processes, where intelligent 
statesmanship fails to recognize how new resources could enrich human life 
if their use were rationally planned. 

EXAMPLES ON CHAPTER X 

1. The formula for acetic acid is written CHsCO . 0 . H. State («) two series 
of reactions which show the presence of the CH» (methyl) radicle, (b) two series 
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of reactions which justify separating one hydrogen from the others, (c) three 
series of reactions which show the presence of a CO radicle. 

2. Two substances, each when vaporized 23 times as dense as hydrogen, 
have the same percentage composition: C 52-2, 0 34-8, H 13. Contrast their 
reactions by applying what you know about the principle of valency and the 
characteristics which different radicles confer, and state how one could be made 
from the other. 

3. Compare the properties of four substances of molecular weight 75 having 
the following percentage composition; oxygen 42-7, hydrogen 6-7, nitrogen 
18-7, carbon 32. How would you make each of them? 

4. How many different compounds with a stable group of six carbon atoms 
can have the formula CgPIgCl? How would you build up each from benzene? 

6 . Four substances with a stable six-carbon nucleus have the formula 
C 7 H 7 OPI. Represent how they differ with a picture formula. Plow would you 
(a) make them from coal tar, (i») recognize them? 

6 . Four substances with a stable six-carbon nucleus have the formula 
C 7 PI 7 NOJ. How do their properties differ? 

7. Write down the compounds which can have the following formulae with 
tiieh properties and methods of preparation. 

(u) CjH^NOCI, 

(b) C^HgCNO. 
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PART III 

The Conquest of Power 


And did the countenance divine 
Shine forth upon our clouded hills? 
And was Jerusalem builded here 
Among these dark satanic mills? 

WILLIAM BLAKE 



CHAPTER X! 


A CENl’URY OF INVENTIONS 


The Decline of Wind and Water 


About ikty years ago Alfred Russel Wallace wrote a book called The Won- 
Jitjul Cmtitry, Had he called it A Century of Inventions he would have been 
guilty of pkgiaristn. 'llirce ceiuuries before, the Marquis of Worcester had 
already used lids title for a bonk la which he described a hundred new 
devices. Nowadays wc arc apt to ihiak of rapid technological progress as a 
special characteristic of capitalism in the nineteenth century. So it is somewhat 
startling to mctl these wurtls in their own context. In a broad sense of the 
term the siitccnth century had been a century of inventions. Reviewing their 
txmscqueaccs in the Mtmim Bacon wrote: 


II is wdi to observe the force and virtue and ronscqueiice of discoveries, 
ind tteie to he seen nowhere more conspicuously dum in those three which 
were unknown to die imdents . . . namely, printing, gunpowder and the 
magnet. For ttesc iltiee Iwvc dwnged the whole face and state of things 
throughout the world, tlic lirst in literature, the second in warfare, and the 
third in navigathm. Wiieitcc iiavc followed innumerable changes, in so much 
that empht, atr sect, no star seems to liave exerted greater power and influ¬ 
ence to hufflw aihdrs tlwn these raeclMical discoveries, 


Aowding to a widely prevalent dogma, the spectacular technological 
pK^pew wbidi has accompanied the civilization of northern Europejs due 
m tk aurihutes id’ tall people endowed with blue eyes, fair hair, 
and m mm of hunumr. The ciicumstances which abetted the adventurous 
hopcMwi of curly uipifalisin provide very little basis for this belief. The 
inventa which wtre crowded into one and the same social context during 
two centuries befme ibicm! {dcadcil tor a New Learning included the clock, 
specacla, the iclfscv)»c, the mariner's compass, the printing piwa, gun- 
powda, dhe we of coal as fuel, stringed musical instruments with keys, 
wind mm for cnni'toills, and water power to pump flooded mmes. Of these 
thetf fe food reason to regard the hrst as a device which developed ihitlally 
& TP***' &e special requirements of nortliem latitudes and later to serve uses 
navigation. Priming, gunpowder, coal as fuel, the compass, water 
power, tad wind powur, had Itnig ken known to the Chinese. Steam bellows 
wldAlwro now being uwd in mints had been outstripped by Hero s turbine. 
Tbt iattoduction of spectacles and stringed instruments bad been sponsored 
bf tk ilk and ritual of a religion which was not invented by Nordic man. 
^ wil»ie»t.uaiy new in the situation which inaugurated ffie modern 
m dptww production was that circumstance simultaneously forced ipon 
M fl&ef an expanding literate population a variety of devices which 
‘ r pan of the everyday life of the comparauvdy small g»up 
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of people competent, elsewhere and in ancient times, to transmit a written 
record of useful information, 

Consider, for example, the single invention wliich fathered the science of 
electrical power production. Thales of Miletus, a merchant of Tyrian 
parentage, knew of the lodestonc, and it is not unlikely that he got his know¬ 
ledge from the Phoenician mariners, from whom he also learned the art 
of navigating by the position of the stars in the Little Bear. How far the 
lodestone was used in ancient navigation we do not know. It was familiar to 
the Chinese, who were not conspicuous for their maritime opportunities or 



l-'ici. litis,— IlANsiiATiG Cog ABoirr hhO 
Prom S. C. Ciilfillan’s book Imientint; the Ship* 


exploits, before the beginning of the Christian era. The need for it was not 
imperative so long as the centre of world navigation was located in latitudes 
where the more andent technique of star-lore served well enough. We first 
hear of its use in Scandinavia about the time of Lief Ericcson’s renowned 
expedition to VMand, beneath the grey skies of a sea route, where stellar or 
sok navigation would have been utterly impracticable. It becomes an 
important fact to the sodal life of mankind when coast line sailing Is giving 
place to long-distance voyages. Then the manufacture of compasses to meet 
the needs of expanding merchant enterprise becomes an industry with 
technological problems which demand access to die written records of the 
voyages of the time, h Wapptog compass maker claims the honour of writing 
the first printed book exclusively devoted to the phenomena of magnetism, 
The sodal conditions for the steady advance initiated by this landmark 
in die history of sdcntific mapedsm include the oepansion of maritime 
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trade, die existence of the printing press and of shops where books are sold, 
the provision of mstraction to the art of reading available to compass makers 
and ship’s pilots, and, at the Court of Elizabeth, an influential body of men 
whose opulence depended on success in a straggle for colonization and 
plunder against competitors equipped with Chinese gunpowder and Arabic 
astronomy. 

The material achievement of science in the ancient world was to provide 
mankind with the knowledge required to regulate the seasonal pursuits of a 







Fig. 269,-Columbus’ “Santa A4aria” 

From S. C. Gilfillan’s book Inventing the Ship. 

local economy by use of a reliable calendar, and to undertake the exploration 
of new territories as sources of new materials by equipping ocean transport 
with the means of localization. No corpus of organized scientific knowledge 
was available to guide the search for material substitutes nor to provide 
sources of power to replace human toil, a. 

The social history of power production may be roughly divided mto tbree 
chapters, the ancient, the middle, and the modem. The signal achievements 
of the first were the substitution of animal for slave labour and the mlmduc- 
tion of the sail as an aid to navigation. Both inventions promoted tiie c^sion 
of culture by providing means of trade intercourse between locaUy self- 
sufficient communities. The ox was kept to tread corn and to draw sledps 
or rough carts before civilized man slowly acquired the art of harnessmg 
the horse. In ancient Egypt the horse was not known, till the countty became 
a prey to inroads of Asiatic tribes which had long used it as a steed. Because 
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of their great speed, vehicles driven by horses became a powerful iastrument 
of w^are popularised in the Persian campaigns. Speed created a new 
technical demand for precision in wheel design; and since the mechanical 
possibilities of a wheel are not self evident, we may surmise that the exploits 
of the charioteer were a necessary preparation for a second class of innovations. 

The use of the wheel can be traced to the potter’s art in the dawn of 
Mesopotamian civilisation. When the Alexandrian age begins, horse-driven 
chariots had made the wheel a familiar fact of everyday life. During what 
may be called the middle chapter of the story, knowledge of wheel mechan¬ 



Fig. 270.—Two Prints from Agricola’s Treatise showing Human (Treabmill) 
AND Mechanical (Water) Power Used to Raise Loads from Mines 


isms for tapping inanimate sources of power spread slowly through the 
civilized world. Water wheels used for irrigation existed in ancient Babylon. 
From the description of Vitruvius it appears that power was being transmitted 
by toothed wheels at the end of the first century b.c.* Windmills, probably of 
Chinese origin, were known in Persia at least as early as the tenth century 
of the present era, and water-driven sawmills existed in the Roman Empire 
as early as the fourth century. By the eleventh centiuy the use of wind and 
water as sources of power was widely spread tliroughout Europe. 

Modern power production begins with the use of steam in ^e middle of 
the seventeenth century. During the eighteenth century steam-driven pumps 
burning coal as fuel were adapted to ihaintain a supply of water for mill 

* For the liistory of tlie water mill see Ann. d’Hist. Em. et Soc. 36 (November 
1936), article by Marc Bloch. 
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wheels in the Potteries, in Scotland, and elsewhere in Britain. The direct 
production of rotary power by steam was expedited by the fact that water 
wheels had brought into being a variety of devices depending on heavy 
sources of power for lifting loads or driving hammers in mining, fulling, 
metallurgy, and other manufactures. The comparatively rapid extension of 
water- and wind-driven mechanisms dufing the three centuries before Bacon’s 
time was therefore a necessaiy prelude to the technical revolution which 
began a century later, 

A hundred or so devices, including a steam turbine, catalogued by Hero 
{circa 160 B.c.) and the various inventions attributed to Ctesibius (see p. 230 ) 
show no lack of mgenuity to explain slow progress in the exploitation of 
natural power by the Mediterranean world. In The Quest for Power, Mr. 
Vowles and his wife state their view that “the abolition of slavery by the 
Emperor Constantine and the conversion by Honorius and Arcadius of free 
distribution of com to a daily allowance of bread must have greatly stimulated 
the demand for water power for corn milling purposes.” Be that as it may, 
there is little doubt that slavery acted as a dead weight on the progress of 
power technology in the civilizations of antiquity. Agricola’s treatise gives us 
many illustrations of tlie use of water power in mining operations which 
could no longer rely on abundant sources of cheap labour. The sheer impossi¬ 
bility of extending deep shafts without new sources of power to compensate 
for lack of cheap and abundant labour brought about a new tempo of 
mechanical progress towards the end of the Middle Ages. 

Steam had been used in ancient metallurgical processes as a substitute 
for bellows worked by hand. By the seventeenth century it had been largely 
superseded by the water wheel, which was now being used to drain water 
from flooded mines. The accumulation of water in mines was a far more 
serious problem in the humid north than it had been in the deep shaft 
mining of the ancient world. Indeed it was one of the major technological 
problems of the period. Steam began to be used as a source of power for 
pumping in the closing years of the seventeenth century, and the modem use 
j- of steam therefore emerges in the same social context as its only use in 

j antiquity. 

I In the middle of the seventeenth century the development of mechanical 

power received for the first time a direct impetus from advancing scientific 
knowledge. In connexion with his experiments oh the weight of the atmo¬ 
sphere von Guericke had shown that the vacuum could, be used as a means 
of distributing power at a distance and had (Fig. 271 ) constructed a model 
in, which a weight was raised by a piston mechanism. Von Guericke’s sug¬ 
gestion for communicating power at a distance was a simple appHcation of 
the new air pump which Hooke was using in England. A similar model, m 
which the motive force was the external pressure of the atmosphere, seems 
to have been demonstrated at early meetings of the English Royal Society 
by Papin, then Curator. It played an important part in the earliest attempts 
to apply steam power. 

The English Royal Society was founded about the time when the first 
steam pumps were introduced, and its personnel was active in studying 
problems connected with their use and design. It had begun as informal 
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gatherings of a group of scientific men who met first in the rooms of Sir 
William Petty, author of tlie Political Arithmetic. An early reference to this 
group originally called the “Invisible College” is mentioned in the following 
citation from the Record of the Royal Society: 

^ Writing from London on October 22, 1646 , to M, Marcombes (who had been 
his French tutor in England), Boyle alludes to his studies in “natural philosophy 
and husbandry according to the principles of our new philosophical colledge 
that values no knowledge but as it hatli a tendency to use.” He asks his corre¬ 
spondent to bring from abroad with him to England “good receipts or choice 
books on any of these subjects which you can procure, which wfil make you 
extremely welcome to our misible college,’' 



The first history of the Royal Society by Thomas Sprat, Lord Bishop of 
Rochester, is redolent widi the anxiety of the original fellows to promote the 
development of mechanical inventions as the foundation of En glish pros¬ 
perity. In tracing the beginnings of the Invisible College d uring the years j 

which immediately preceded the first revolution of Stuart times, Sprat T 
remarks: ] 

I shall only mention one great man who had the true imagination of the whole 
Extent of this Enterprise rs it is now set on foot, and that is the Lord Bacon in 
whose books there are everywhere scattered the best arguments that can be 
produced for the Defence of experimental philosophy, and the best Directions 
that are needful to promote it. 

Bacon’s defence of experimental philosophy is now a well-thumbed brief. 

His directions to promote it arc forgotten, though “adorned with so much 
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art,” as Sprat appraised. It would be hard to find a better statement of what 
Hessen c^s the unity of theory and practice than the passage which opens 
with the following words in the Nomn Organm : 

The roads to human power and to human Imowledge lie close together, and 
are nearly the samej nevertheless, on account of the pernicious and inveterate 
habit of dwelling on abstractions, it is safer to begin and raise the sciences from 
those foundations which have relation to practice and let the active part be as 
the seal which prints and determines tlie contempladve counterpart. « 



When all three taps are closed steam collects in tlie space above the boiler. When 
A and C are opened, and B is closed, the pressure of the steam drives water out of the 
cistern. If C and A are turned off, the steam condenses, producing a partial vacuum. 
When B is turned on water is drawn up from the source below the cistern by the 
excess atmosphere pressure at the source. 

In this spirit the Royal Society began its labours. The project included 
a conspectus of all the principal technological problems which affected 
British mercantile supremacy and the theoretical issues relevant to their 
solution. The exploitation of steam power was one among other con¬ 
temporary issues which enlisted the enAusiasm of the early Mows. 

“They design,” Sprat tells us, “the multiplying and beautifying of the 
mechanick arts. .. They intend the perfection of graving statuary, limning, 
coining and all the works of smiths in iron or steel or silver. . . . They purpose 
the trial of all manner of operations by Fire. . . . They resolve to restore, 
to enlarge, to examine Physidt., . . They have bestowed much consideration 
on the propagation of Fruits and trees. . . . They have principally consulted 
the Advancement of Navigation. . .. They have employed much Time in 
examining the Fabrick of Ships, the forms of their sails, the shapes of their 
keels, the sorts of Timber, the planting of Fir, , the bettering of pitch and Tar 
and Tackling.”- 
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The earliest heat engines were devices in which a vacuum was created 
by filling a closed space with steam, and then forcing the steam to condense 
by cooling it. In the Marquis of Worcester’s patent, and in the later device of 
Savery (1698), the condenser was in direct connexion with the water which 
was being pumped away (Figs. 272 and 273). In Newcomen’s engine (Fig. 
274), which was introduced for draining the Cornish mines in the second 
decade of the eighteenth century, the condensation of the steam induced the 
fall of a piston which was connected with the pump rod by a lever of wood. 

The -steps which led to this combination of the von Guericke (or Papin) 
principle and the Worcester invention illustrate the close relation between 
the leaders of English science and the practical problems of mining. An 



This was essentially like that of the Marquis of Worcester. There is an arrangement 
to cool the steam space by irrigation so as to facilitate condensation. 

account of Savery’s engine was published in the Philosophical Transactions 
of the Royal Society. In his book on Boulton and Watt, Smiles tells us; 

... a draft of Savery’s engine having come under Newcomen’s notice, he 
proceeded to make a model of it, which he fixed in his garden, and soon found ■ 

out its imperfections. He entered into a correspondence on the subject with f 

the learned and ingenious Dr. Hooke, then Secretaiy to the Royal Society, a I 

man of remarkable ingenuity, and of great mechanical sagacity and insight. 

Newcomen had heard or read of Papin’s proposed method of transmitting 
motive power to a distance by creating a vacuum under a piston in a cylinder, 
and transmitting the power through pipes to a second cylinder near the mine. I 

Dr. Hooke dissuaded Newcomen from erecting a machine on this principle, j 

as a waste of time and labour, but he added the pregnant suggestion, “could ;] 

he (meaning Papin) make a speedy vacuum under your piston, your work ! 

were done.” .. . Savery created his vacuum by the condensation of steam 
in a closed vessel, and Papin created his by exhausting the air in a cylinder | 

i 
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fitted with a piston, by means of an air pump. It remained for Newcomen to 
combine the two expedients—to secure a sudden vacuum by the condensation 
of steam; but, instead of employing Savery’s closed vessel, he made use of 
Papin’s cylinder fitted with a piston. 



The further step of connecting the piston to a fly-wheel did not come till 
seventy years had passed. Newcomen’s engine was used for pumping where 
Water power was not accessible. For other purposes it had little to commend 
it. An engine based on the von Guericke principle was an exceedingly costly 
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source of power, because of the rapacity with which it devoured fuel That 
this greed for fiiel was due to a faulty principle of design was not under¬ 
stood until new scientific knowledge was available. Watt’s important contribu¬ 
tion was to eliminate llte colossal wastage which resulted from cooling the 
cylinder at each stroke of the piston. Hammond tells us that “for one bushel 
of coal a Newcomen engine could raise on an average Si million pounds, 
at most 7 million pounds, to a height of 1 foot. Watt’s early engines for one 
bushel could raise 21| million pounds, while his later ones could raise 20| 
million pounds.” (See also pp. 60(1-7.) 


THERMOMETRY 

Although the steam turbine or aeolipik described by Hero of Alexandria 
in the second millennium b.c. was nearer to the modern economy of power 
production than the patents of Savery or Newcomen, it left no impress on 
the search for new theoretical knowledge. The first steam engines were 
not designed with any recognition of the theoretical principles involved in 
costing the relation of fuel consumption to power production. This, indeed, 
was not a theoretical possibility at the time. The ancient world had no 
impetus to study the measurement of heat production, and there could be no 
balance sheet of fuel and power till units of measurement were settled. 
Alexandrian mechanics was for practical purposes the mechanics of a slave 
civilfeation which lacked the social incentive to explore and exploit sub¬ 
stitutes tor unnecessary human effort. It was not brought into close contact 
with the practical problems of mining or with the new mechanics of gases 
which developed during the period when the problems of deep-shaft mining, 
especially coal mining, were engaging the attention of scientific men. 

The initial impetus to the study of heat came from another source. In 
pursuance of its Baconian programme the “Invisible College,” like the 
academics which appeared simultaneously in France (p. 286), Holland, and 
Italy, was seeking new ways and means of promoting maritime supremacy. 
Among its first projects after the Charter was granted were systematic surveys 
of weather conditions and of variations in the earth’s magnetism. Studies of 


tions 




Castclli, a pupil of Galileo, had invented a rain gauge in 1669. Hooke also 
made one and devised instruments for detecting changes in the humidity 
of the atmosphere and for measuring the strength and direction of the 
wind. The barometer was now being used for the first time to study varia¬ 


tions in 


comprehensive programme of observations of one kind or another involving 
day-tO'day records of changes in the weather, Under Hooke’s name one of 
the earliest publicatiom of the English Royal Society includes “the form 
of a scheme wliich at one view represents to the eye observations of the 
weather for a whole month.’’ Concerted weather records were made at Baris 
and Stocfcitolm betwem 1649 and 1681, 

The modem science of power production starts from this basis, Economical 
power production implies a medod of measuring heat, and a technique for 
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measuring heat was necessary for weather surveys. At the time there were 
special reasons which encouraged the study of weather conditions. Although 
sailing ships are at least three thousand years old, ancient navigation con¬ 
tinued to rely very largely on slaves at the oar. The transport of huge cargoes 



Fig 27fi -Two of Hooke’s Mechanical Devices fou Survey Work in 

Navigation 
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over vastly greater distances after the discovery of tlie New World made 
wind as a source of power supreme. Man and British scientists, working in 
close association with the technological problems of navigation, began to 
study the direction of winds, the nature of storms, and the agencies which 
contribute to climatic differences. 

In doing so they were helped by knowing more about the nature of air 
than their predecessors had done. The English word “cHmate” comes from 
the Greek /cAt/io, which was the term used by Alexandrian geographers for 
what we now call latitude (or more precisely co-latitude, since it was reckoned 
in degrees from the pole instead of from the equator). The Mediterranean 
world did not associate differences of climate with anything measurable 
except the sun’s altitude as it varies according to season and latitude. The 
science of antiquity had no instruments for measuring intensity of heat or 
cold. When the existence of matter in the third state was clearly established, 
the significance of many familiar weather phenomena assumed a new aspect, 
and new instruments like the barometer were now available for research. 

The first device which can be described as a thermometer seems to have 
been made by Galileo. It was a glass bulb about the she of a ping-pong ball 
with a long stem which dipped into water. The bulb was heated to make the 
am expand till some was expelled from the tube. On cooling, of course the 
air contracted, making the water rise up the stem. The warmth of the hand 
applied to it was then sufficient to make the water level fall owing to expan- 
sion of the air in the bulb. Although the stem was graduated in later models, 
the riding obtained was necessarily arbitrary. It depended entirely on the 
capaaty of the bulb, the initial temperature at which the instrument was 
calibrated and the atmospheric pressure. A French physician and chemist, 
Jean Key (1632), improved on Galileo’s instrument and adapted the principle 
tor detecting fever, using water as the thermometric substance. Thermometers 
with a sealed stem were first made in Italy about fifty years later. 

The fact that solids or liquids which have been strongly heated shrink 
when cooled had presumably been noticed by craftsmen and artificers from 
earliest times, but the expansion of bodies when subjected to warmth is not 
an obvious fact of everyday life. The expansion exhibited by gases like air 
when aposed to slight changes of heat hardly detectable by direct sensation 
m an mstrument, such as the thermometer, or perhaps we should say the 
thmnoscope of Galileo, drew attention to the phenomenon, and at once sug¬ 
gested the means of studying the problem of climate from a new angle, 
it air has weight, and if the same amount of it can occupy a much larger 
space when warmed, warm air is less dense than cold. It will therefore rise- 
and if the warmth of the hand suffices to produce a noticeable change in the 
density of air, how much more does llie intense heat of the sun, varying as it 
^es by day and mght,_wmter and summer, or by proximity to the eq^tor? 

Here, then, was a new mstniraent for studying how air is set in motion. 

ml?of ^ st3°^ard for measure¬ 

ment of mtensity of heat is due to the Florentine Academy, which was also 
responsible for an important practical improvement of the thermometer, 
tnmllv ^ “meteorological purposes water is 

tota%unsuitablefortworeason8.ThefirstistheobviousBthat^ 
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thermometer cannot be graduated to record degrees of heat below the 
temperature at which snow melts. Even above this it is unsuitable, because 
of a very important peculiarity wliich maltes water capable of sustaining 
aquatic life in the winter. If water at the temperature of melting snow is 
heated it contracts up to a certain point corresponding to 4° on the centigrade 



Fig. 278,—The Expansion of Water 

The upper figure illustrates the freezing of a pond exposed to air below the freezing 
point of water. As the water is cooled it sinks till the temperature of tlie bottom is 
4 , at iohtch water ts most dense. Convection is then at a standstill. The top layer freezes 
and owmg to its very low conductivity for heat there is little further change. If water 
were most dense at 0 C. the pond would freeze to a solid mass whenever the temper- 
amre renmned appreciably below 0° C. The lower figure shows in a very exaggerated 
diagram the relative densities of water between 0“ and 100' C. At the latter the steam 
termed expands to 1,000 times the equivalent volume of water. At the former the ice 
termed expands by nearly 10 per cent. The actual values for the volume occupied by 
1 gram are given numencally. 


scale, expanding thereafter. That is to say, the maximum density of water is 
above its freezing point. So water does not sink to the bottom as it approaches 
the freezing point, If it did so, ponds and rivers would freeze in winter and 
aquatic life would be extinguished. Alcohol or spirits of wine, which was 
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used in the Florentine therraoraeters, Iww ii nitidi lower frcedrn* j^oint, tnul 
expands comimiously over the whole ninjte of tcniperature ni which water 
exists in the liquid stare. 

Cajori tells us that the Florentine Academy dioss a sc'ile of heat intensity, 
or as wc now say “temperature,” btised on two 

fixed points, the cold of winter and tlu; lieai of aiiiamcr, dividing the isui-*''- 
vening space into hO or 4(1 equal spaces. To detmiiitie more ttccwarely tin* 
position of these points, they defined the one to be the tenipemture oi'.sntnv or 
ice in the severest frost, mid the other to be the tempermnre in the hoilies 
of cows mid deer. The melting-point of ice was found by them to he invuriable, 
and, in their medical scale, to be at 1 .'if. In 182 tl some of die Florentine tlienno- 
mciers were discovered among old glassware, and Libri ncuiiilty found tiicm 
to read I'if in melting icc. They had been used in I'lorw'.CB sixteen years in 
riieteurological observations, mul by reducing the Mveiage teinsHiattire to tme 
of the modem scales, and comparing with modern obserVittioiKi, l.ihri flttmght 
he could draw the inference that the dimnte of Idorcnce laid remained «u« 
altered during the two hundred years. The lixal points chosen by the 1 •loreiitinc 
Academy did not prove sutisfuctory am! all sorts of improvement:-, were suj!- 
gested. bulence in ItiHH udofmal (1) the lempcriiuire of air iluring treiviim 
and ( 2 ) that of melting butter. The final adoption of die ft-mi emiuics of mching 
ice and boiling water was not reacheti until the eiriir -imth lenwry, ihmtgh 
Huyghens had recommendei! the OKe of tme or ilie otlier ol these m early ai 
IBtift. The Florentine thermometers became ftmioits, 'fhey were iturotU.u:c>i 
into Bnglajid by Boyk. 'I'hcy reached France by way of rijlaml An envoy uf 
the Queen of Poland was presented in loin by ilic (itand Duke with lijenntv- 
mctcfs and other inatrumcntii, Her secretary forwauded one of the ihermoincter!} 
to the astronomer Ismael Boulliau in Paris, and amted thui '‘the Gmnd Duke 
always carries one in hi.s pocket.” 'Fhe thermometer was alfout mm decimetre 
long Mid contained ukolroi. Boiiillmi himself amstrucied in Ki&u a thcrmiimetcr 
in which mercury was used for tlie lirst time (so fiir as kiiowsi]i as a tliamo' 
metric substance. Recently a rerord of tanpemtuic utwicrvaiimw by Ikmlliatt, 
extending from May IflfiH to September ItifSO, has been fnurui Kext 10 the 
Florentine record, begun in 1 f!F&, it is the oldest in exisiascc, 
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modern age of power production is indicated by the title (English translation 
1 Airi) of a book l:)y Rctsurnur Tk Art of hatching and hrinj^ing up dotmstk 
fimh of all kituh at««}»time of tkyear, eitha' by mmm of ik kat of hotbeds 
or that of mmmn fire, Matthew Boulton read it, and busied Wmself, says 
1 lickinson, “making thermometers for liimsclf and friends.” 

'J'hat Clclsius was a Swede drmvs attention to the influence of climatic 
.studifs on the early progress of research into the nature of heat. In thi.s 
chujoer wc deal witli the technique of measuring heat in connexion with the 
tlircv nmiu ibatorcs ol'diniatc, viz. winds, wetness, and warmth. Most of us 
are already cunversaut with tlie main conclusion established by experimental 
enquiry and direc:t oliset vaiicm liuririg the latter half of the seventeenth and 
early part of ilw eighteenth ccutury. 


VVlNtlS 

Although the dircciton tif the wind cbiinges constantly, conrinuous record 
of tlic weathcr'CiKi shows certain prevalent chamcterifiiics, of which the two 
most fully iinderfUtHHl are (o) the direction of morning and evening breezes 
in propinquity to tlrc sea (l»}thc predominant westward drift of the ocean'Frade 
Winds on either sltic of the eijuator. The prevailing direction of coastal 
breezes during the morning and early afternoon is liindward and the pre¬ 
vailing direction of breezes ttfrer sunset is seaward. The nieaning of this was 
at once evident when coutinuous temperature records ol’ land and the sea 
iidjaceni to it were kept. The tcrappriiture of the sea is fir more constant 
tlum that of the land. By day it does not rise to the same temperature as the 
land when there is lull sunshine, and by night it docs not fall to as low a tem- 
Ikmture as tf jc land after the sun .ict.s. k the temperature of the land increases 
in the morning above tluit of ffie sea, warmer air rises because it is less dense, 
ami its place is liiicrf by colder air drawn inwards from the sea. After sunset 
the converse is true, 

In the tropical and sub-tropical «cas the predominant direction of air cur- 
rcnis nciw dic suiike is from the poles towards the equator where the air is 
hottestj and therefore rises upwards, This major inovement is complicated 
by the itet that the roiational displacement of land from west to cast at the 

equator is vastly greater than it is near the poles (Fig. 2H()), If you consider i 

column of ik drawn in from, let «s say, the latitude of Iceland and dissect its 

movement by the principle of inertia, you will .see that it .starts with' a move¬ 
ment'Mmtbwards due to the suction- of rising lir at the equator and a move¬ 
ment 'emtwafdi it the same speed of rotation as the land. As it travels'south 
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The basic fact on which the ventilation of the earth’s surface, like the venti¬ 
lation of a room, depends is tliat warm air is lighter than cold air. Bodies 
expand when heated. Hence their densities depend on temperature. Bodies 
which are not rigid, i.e. liquids and gases, are therefore subject to internal 
movement or conveciion which promotes continuous mixing and ciradation 
of heat (Fig. 279). The direction of the air currents on the earth’s surface is 
modified by two relatively constant agencies, tlie earth’s rotational motion 



Fig. 279,-~Convection--"The Principle of a Central Heating System 

transmission in gases and liquids depends on the fact that they 

S fbeing less dense, rise while the cooler, 

oemg more dense, sink. 


and the distribution of land and water. The effect of the latter is due to tlic 
fact that water maintains a more constant temperature than land, It does not 
heat up or cool so rapidly. This leads to both daily and seasonal changes in 
the direction of wind owing to the unequal heating of land and water by day 
wd night or in summer and in winter. In addition to the separate influence of 
these relatively stable factors various consequences arise from their inter¬ 
action. Two complications arise from the evaporation of water. Evaporation 
results m the formation of clouds which affect the distribution of sunshdne, 
and of ram which affects the temperature of the land on which it falls. The 


i' 
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distribution of both clouds and rain is affected by atmospheric electrification 
and by the prevailing air currents resulting from agencies already mentioned. 
Air currents, which predominate where there are large umiiterrupted 
stretches of land or water, are subject to considerable fluctuations in islands 
like Britain where land is in close proximity to water. To all these temporary 
sources of fluctuation we have to add the local one which arises from the 
expansion of water. This results in ocean currents analogous to the winds. 
These also modify tlie relative distribution of heat and cold on land and water. 

&Sbu.6t-BLSt fniz 





WETNESS 

Scientific knowledge of climate could not progress until the characteristics 
of matter in the pseous state began to be studied. The basic experimental 
fact on which wetness depends is that the liquid state of matter mer exists 
by itself. It is always accompanied by the gaseous or vapour state, and the 
relative amount of the latter depends on the temperature. 

Tliis OT be fllustmted in a general way by the everyday experience of 
evaporation at temperatures far below the boiling point, and by the fact 
that when m has been in contact with water (i,e. unless it has been dried by 
passing over a dehydrating agent Hke calcium chloride, sulphuric add or 
phosphorus pentoxide) it dways deposits moisture on the sides of a vessel 
when cooled SufEdcntly, this happens, for instance, when warm air comes m 
contect with cold substances which like metals conduct or absorb heatjery 
effidcntly. The exact amount of water vapour which a given volume of air 
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can hold at a given temperature can k measured by bubbling dry air through 
water at different temperatures. If a known volume of this air is first weighed, 
then thoroughly dried by passing it over a substance like sulphuric acid, 
and weighed a second time, the loss of weight shows how much water vapour 

it contained. . . 

It is not neassajy to go through this performance every time we wish to 
know the water vapour content of the atmosphere. Once _wc have tabulated 
the quantity of water vapour which a given volume of air will hold at any 
temperature, we have only to cool our sample to the temjierature called its 
''dm pointi* i.e. the temperature at which it just ceases to hold all the water 
vapour it contains and deposits some of it on the sides of the vessel. If we 
want to know the humidity of room air, tills is usually done by adding ice to 
water in a vessel made of aluminium till the bright metal surface of the out¬ 
side is dimmed by deposit of moisture. The temperature of the water at to 
point is taken. Since our tables tell us how much water vapour a given 
quantity of air will just hold at a given temperature, they tell us how much 
water vapour is contained in a sample of air at the dew point. Since the dew 
point is the temperature at which a sample of air just ceases to hold aU its 
water vapour, the water vapour content of the sample is simply the figure 
corresponding to the dew point, as given in the tables. 

The amount of water vapour wliich a given quantity of air will hold in¬ 
creases continuously as the temperature is raised. Tills is why to sun dispels 
a morning mist by converting to liquid droplets of water into vapour. Since 
water vapour has weight and therefore exerts pressure, we should expect 
that the pressure of water vapour in equilibrium with ordiiiary vvater in a 
closed space would also increase continuously as the temperature rises. This 
is easily proved by introducing a drop of water into the stem of an ordinary 
barometer, 'fhe drop rises to the top of to mercury and there evaporates. 
If more water is added we reach a point where further addition docs not 
result in further evaporation. Meanwliile to column of mercury has fallen 
somewhat. At the point where more water added docs not vaporize, to fall 
of pressure represeits to pressure of water vapour when the dosed space 
of to barometer can hold no more. If the barometer tube is surrounded by a 
jacket containing water whose temperature can be varied, it is found that to 
saturation pressure of water vapour measured in to way is greater when to 
temperature is greater. / ^ \ 

At to boiling point to saturation pressure, or as it is more otten caUco 
the vapm presm^t of a liquid u the sam m the pressure of the atmtphere. 
The vapour pressure of a fluid at a feed temperature is constMt, Md since 
it increases as to temperature rises, the faoiHng point of a fluid is incteasd 
if the atmospheric pressure is increased and decreased if to atmospheric 
pressure decreases, At to top of i mountain the atmospheric pressure is less 
than at sea-level. So on i mountain-top water boils at i lower temperature 
ton at sea-level.* At to p<«ik of Moat Bknc it boils at 86® C. instead, of at 

* Papin, 8 contempoiiry of to Itequli of Worccstci to iiwootor d 
caglne of tk Newcomen type, inveated a 'digeMcr for mctitog 
p^Msure, suitable among other wes for cooking according to to authorized rales of 
the art on a high mountain. 
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100 ®. We can tlierefore determine the height of a mountain without using 
surveying instruments, or a barometer as explained on p. 381. All we have 
to do is to find the boiling point of water at the summit. Tables of vapour 
pressure prepared by to method of Fig. 281 tell us the pressure of water 
vapour at the temperature recorded. This is the same as the atmospheric 
pressure. From it the height can be calculated, or read off from tables of the 
variation of barometer readings with altitude. 

Generally speaking, water vapour condenses to form water when the 



temperature of to air is cooled to the dew point. This, of course, occurs 
nightly in hot weather when there is abundant evaporation m the daytime 
and a relarively big fall of temperature at night. In contrast to this fairly 
rsguk deposition of moisture as dew, the more capricious phenomenon ot 
rain depends on circumstances which arc not purely local. Incoming currents 
of air come &om regions where to atmosphere is in contact with a large 
surface of water, and is My saturated at the temperature of the place where 
it originates. The circumstances which control their movements are immensely 
complex, and long-range forecasts of rain depend chiefly on_ to-study of 
how to pressure of the atmosphere is changing over a wide area (see 
p.072). ' 
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Immediate prospect of rain at any place is also disclosed by tire relative 
lummy of tlic atmosphere. This is measured by the ratio 

Actual Water-Vapour Content of the Atmosphere 



Fig, 282.— Rblation oi< Soiubiliw to tub Pressure of a Gas 
The flgtire shows how to find the effect of pressure on the solubility of |^«s. If we 
wish to taow how tlic solubility of nitrogen or oxygen in water varies with the pressure 
of the atmosphere, a measured volume of water for analysis of dissolved pscs is 
vigorously shidccn with air at various pressures from a high vacuum atmosphere. 
When the tap of the dr pump is dosed the manometer level is noted, mtn it reiMins 
fixed at a height p after shaWng for some time, the gases dissolved in the mealed 
quantity are m equilibrium with die gaseous contentsof the spac^. If ^e atmospheric 
pressure is P, the gas pressure in the space is P — p. This is partly Mde up ox V(, tne 
vapour pressure of water at the temperature t of the shaker. Hence the true prcssurc ot 

dry air Hi equilibrium with the gases dissolved in the water 18 

Neglect of the vapour pressure of the solvent may dvc rise to large errors when the 
tempciaturc is high, or the pressure is low. At 20* C. (tanperature of a warm wm) 
the vapour pressure of water is 17 -4 mm. If the atmospheric pressme were 780 
and the manometer reading (p) were 740 mm., the total pressure in the aimer wow be 
20 mm., and the “partial pressure" of die air itself 20 - I7’4 «• 2’8 nra. At 0 
vapour pressure of water is only 4*6 mm,, and the same manometer reading wotua 
signify that the partial pressure of dry lir was 20 - 4 • 8 * 16’ 4 mm. 
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the known water content of saturated air at different temperatures. The 
tables tell us what is tlie 

Water-Vap our Content of Saturated Air at the Dew Point 
Water-Vapour Content of Saturated Air at the Acti^TempOTture 

A crude estimate of the relative humidity of the atmosphere can be obtained 
with a simple device called die wet and dry bulb thermometer. This depends 
on a most important physical principle which bears on the difference between 
the Newcomen engine and that of Watt. The fact that water becomes cooler 



Fig. 288.—WET AND Dry Bulb Thermometers 

as it evaporates is a common experience of everyday life applied in a variety 
of ways. Thus water is sometimes kept in porous earthenware to encourage 
evaporation over a large surface, and the sprinkling of water cools a di^ 
room even if the temperature of the water is the same as diat of die dry air. 
Our bodies protect themselves from heat, and maintain a constant temperature 
when the surroundings are above blood heat, by the secredon of sweat. The 
electric fan produces the sensation of cold by blowing away saturated layers 
of air from the moist skin, although it slighdy increases the heat of the air 
by friction and sparking, For the same reason, the actual temperature of 
summer weather is less important than humidity as an indication of bearable 
heat, The wet and diy bulb thermometer is simply a pair of ordinary ther¬ 
mometers, the bulb of one of which (Fig. 283) is enclosed In fabric dipping 
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info ;j vessel of wafef. If the iiiniosplicrc ifs very thy rapid cvaporaiion iicenrs 
on the surfuee of tlic wet bulh. It is ihercfore cooled. (afiKeqncntly it 
registers a lower teniperimire than the dry Inilb. A large discrepancy between 
the twt) readings therefore indicates tliat the at;mo:;phere is relatively dry. am! 
that there is no iinincdiatc prospect of rain. Any such instrament can be 
einpirkully calibrated lor limire use to determine relative humidity by 
preparing tables showing relative humidity for diiforent readings of the wet 
bulb when the dry bull) registers a particular temperature. 

WAMSTH 

Variations in temperature depend primarily on latitude, altitude, and 
pfopinqiiiiy to water., modified by more capricittus tailors which depend 
on the direction ol'tlie wind. 'J'iie rfdatiou of latitude U) warmth depends ttn 
the fact that lieat, like light (see p, 174, (ihaptcr 10), can be transmitted 
tlirough a vaciiuiii. 'I'he radiating source is of course the sim, and experi¬ 
ment shows that the infcii;;ity t)f ladiation froni any fised source dcjiend!; on 
the area radiaieii. A slaniiii!* liliptic.tl section cut ihtotigh a cylitulrical 
bciitn of sunshine occupies more snriiice than a circular Keciion cm .straiglu 
across at right attgies to its dircclinn. ilenct* (big. i'H4} the area naiiafed by 
a snnsltine cylinder of the same dimensions increases north and stonth of the 
parttlle! of latitude where the sim lies liirccily overhead. Ho tlut same source 
of heat has to warm a largyr area. 'I'liis accounts for the broad gener;]li.^!i(in 
that it is hotter within the tiicoical belts than it is nortli or south of tlunn. 

In addition, the effect of a radialing source dtgrendii on the timeofexpoMtre. 
The relative lengths ofdaj and night va.iy Cp. im;) with season and latitude, 
and the relation ol latifiufo m cHmale. thenforc, involve; the ttumber of hours 
of smv.liiiie. Near the eij«ut>.ir d..iy:, and niid'ts arc nearly always of equal 
length, and there i-, no hbarp dilfmcnu* between winter and. sunnncf. Nearer 
the poles tiie winter day;, aae uimit shorter and the Sitmrner days arc much 
]oiig,er. So tie' seasutial di'iyuitv ot' temperature increases with inctease tff 
latitude as v,e tr.ivel away from tls* equator. 

The elfecr of aititiidi' and of projhunufy to waiei (or what onnes to the 
same thing- rtelinev. of ve.vUati.a,! tlrpeml on fh** same j'eculiarity of heat 
iransmi'sion. This was not muletsio Hi till the tltcimomcttr was imroihiitti 
Tile Iiahan liict.-orofopist, (T ilic sevtofeemh ccnniry showed that ctpial 
qnantitica (4* djlf'ient ilttids at the ■..urie tempemture do not rmh the same 
quantify of iie. That is tn siy, at the Mime temperature etiual t|U.!nt!tics of 
dilfercnt saib aamt". hme tiuferent pc.weis of imparting, heat to others at a 
iorver teutperattire, .Some Is.ve a iiigh capacity, i,c. a smaller qtaniitv at 
the same tcmpef.iture, or the same quantity at a lower temperature sutticcs 
to produce the satne heating, dfert. -Snut Ntdies, if heated from one and the 
wine source, gain in icmp'raiure more* slowly. Water has an eMptionally 
high capacity, and iheretore take, lorn' to warm up tir ccmiI down to <t given 
tcmjreniture, Iwo resulH follow from this fact, tine is that iluring the day 
in summer the tttnjicraurie of the sea is lower than that of land at sadevd, 
'i'be {siher is that in fteneral the temperature of land at seinlcvd is subject 
to much greater diiirnal variations of imnjw'rature than that of the sea. 
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C‘on‘a:qucinly inland i-limate.s are far les!; equable than the climaic of coastal 
areas. 

Like tlie astrolabe or the telcscojic, the thermometer equips us witli 
a more sensitive instrumeiit than direct sciisaikm fur detecting changes in 
the world, and shows us wiien the restiuiuny of direct sensation is unreliable. 
I'or iiistance, a room ss not ctHder whim \w turn on the electric fan. Although 
the suri.ic'c kiyw;:: ol our skin aiv cuoler, the mom itself is slightly hotter 


Recl’ional 'fonciiatwm 



ilH't, - 40 aofwi. KAt-t.vnon 

l.d,''A, iht! i.Hisrtimj iriis slisivctj licit ihr itfsaiui; citaa of corrvri'idng bcuiU'. is tiue to 
to. gt'cm siifl,. ( imcts'.tty, At'-w’/e, {he iiiiciisitv .tuf t>! it evliuiluMl .‘iliait of 
tfit. .'ftnir diinriidoio, jjt« (l;f iwir. r. li- v tiia-i ii. g, ju 0)^ eioi.tior." 

hrtansr o{ spatlittg. and irictfon, Agmin, ■ome hm!k;-i “foul culd” when we 
lunch them. A l-rnd'-r s-m-. to be cukiit thuii a rtf' at csacfiv the same 
mmpt*r.i:m'c, provid si iotti urc below die temjvr.iium of the luiitd, if both 
arc almvc tlic tanpct.itm," t>f tii-,; bauil pj- j.; juug^cd to be luitter 
when the fhrrmmnner feadjug i. the same ibr icuJ.'r and tug. 'ibis is 
bcansc bodies diiier m tiicir ptwer to fiausmit luat. 

Use. tr.in*.miv.fon of heat hy radiation urn o.’cur (hrmigli a vacumn. 
'irainmissiim oj heat by "amvAtiou” on only oaiir witliin the snhsi.iace 
ol a gu;. or ol a liquid, .SoluK Sfansn.it heat without five (irculaiimi. .Such 
traiiMuitsitm is tailed t,miuiSm. .Metals are good coinluctors, and tint is 
why they led cold, tfouunun liquids conduct heat very liitlc if the free circu- 
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laticm of pansj i.e. the creation of convection currents,, is prevented by 
heating them from above instetid of from below. Fur instance, if you tie a lead 
weight to a piece of ice, sink it in a tube of water and apply a iiaiue to the 
upper end of the columo of fluid, the latter can be made to boil for Cjuite a 
long while beftms the ice begins to melt noticeably, btt if ice were heavier 
than water it would tend to accumulate from winter (o winter at the bottom 
of ponds. Air is an especially bad conductor, On that account substances 
which trap air, like feathers, wool, and fur, protect agaiusi loss of heat. 

MODBRN WHATHER RECORDINtJ 

During the latter half of the nineteenth century weather recordiug was 
revoliuionized by the introduction of oceanic telegraphy. The British 
Meteorttlogical Ollice wits foimtled in IHiif .shortly before Transatlantic com- 
municiitbn was first established. Under Admiral Fiizroy it instituted daily 
telegraphic records from IHiiO, Wireless telegraphy has since speeded up and 
Viistly increased the ratige of observation. It is now possible to map out 
temperature and pressure gradients .simultuneously and at .short intervals 
over large areas. Places witii the same temperature are connected by lines 
called mihermh and stations with the same (sea level) pressure ttre connected 
by lines called whars on niisps produced after the lap.se of a few hours. Hence 
it is possible to see the direction in which more or less stable zotics or regions 
of high and low temperature or high and low prc.ssurc arc moving. Falling 
temperature and falling pressure indtaiied by movement of the isotherms and 
isobars forecast rain or cloudy weather. If the isotherms and isobars drawn 
on the weather map corre,sp()nd to equally spaced intervals of temperature 
and pressure, crowding of the lines indicates a steep gradient which esm be 
taken in at a glance, A steep gradient indicates strong winds. A gentle gradient 
forecasts calm wciitlier, 

In making forcoists of the immediate future special attention is paid to the 
movements of closed regions of high or low pressure surrounded by a steep 
pressure gradient. !. 0 w pressure systems of this kind arc ailed eydontN, 
They arc associated with countcr”dodkwise air currents in the aortfjcrn hemi* 
.sphere. Closed high pressure regions called antit 7 cltmes ire asm'ktcd with 
clockwise air currcmi in the northern hcjniaphcre. The revenie is true of the 
southern ittmisjiherc, Iwausc the direction of the cuKcnts like that of the 
'frade winds depends on the earth’s axial motion. The approach of i cydonc 
i!.s shown by .successive weather chans is a signal of stona.s or heavy ram, 

tiEATtNe ciimm 

Town folk who live in a community where the weather is peculuorly 
erratic, as it is in Britain or in Massachusetts, may be tempted to underrate 
the value of mcteorologial .science a,s a guide to social conduct. So before 
.proceeding to deal with tk measurement of heat changa in greater detail, 
we may pau.se to notice that the empirical principles which origlMlly Emerged 
from studying die weather have given us many useful tmpa for afciiing 
our Ofii'dimate. The sime principle of mmetum which underlies the 
dfculition of air and ocean eurronts is applied to the ventilation of minei 
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(ind Inuldiigpi or ui tiie design of central heating and hot water systems 
(Figs. ATI) iuid 285). 

I hc two facts which we liavc Icttrned about evaporation .arc the basi,s of 
rtdrigeration, wliich has revolutionized tlie trade in fruit, meat, fish, and 
otlier perishable commodities in our time, A liquid boils when its vapour 
pressure is eipavalcnt to that ot the .’■iUiToiinding atmosphere, and can there¬ 
fore be ntade to boil by reducing the external pressiiit till it is equivalent 


. 

roof emtem 



Fui. issr. 

bimpfc t>l«{t u lii.t.Mdr« syiiiem 'itiowing how the ascent of hot water to the btth 
aisil thr <ie\..eiit t.i water ftom the roof cbtero to tlw boiler in the biiserocnt is 

rcgolatd twftitteiit's. 

t«_ its own vapour pressure. Since rapid evaporation is itccompanicd by the 
withdrawal of heat from the surroundings, intense cold can be produced 
by the rapid vaporization of a liquid under reduced pressure. In a typical 
reffigeratot machine (F‘ig. a .single pump alternately sucks out of one 
coil and compresses in a sound some readily liquefiable ga.s like ammonia. 
In the high"pressuro coil the gas liquefies at the upstroke, and the fluid 
circulates into the second coil which is connected with it directly. At the 
downstrokc the liquid evaporates in the low-pressure coil. The latter is in 
direct connexion with the refrigerating diamkr, 'Fhe liigh-prcssurc coil is 
outside so that the hat given out when the gas is compreised is arried off. 
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A tehct consttuctive applicati® of tte phenomem wc tow ]mt do 
mth is tte Ihemos flask which was invented by Sit James Dewar m m 
«Zwith experiments tat the liquefaction of ait. The f; 

raises a siKcial problem. Up to a ceitain point we can raise tte boilinp-poi 
of water'by inmasine tte external pressure. The vapour ptessro of wto 
inrascs midly after 100". It is nearly 2W atmoyherts at 30. . Bey® 
this it is so enormous that no further increase oi pressure will raise tt 
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this level. So making liquid air depends on keeping it at an exceedingly low 
temperature. 

The thermos flask, as you probably know if you have broken one, is 
essentially a vessel with double walls silvered on their opposite faces. The 
interspace is exhausted, so that no heat is transmitted across it by convec¬ 
tion or conduction. Since radiant heat, like light, is reflected by a silvered 
surface, heat transmitted by radiation from one wall to the other is reflected 
back; thus practically no heat passes from one wall to the other except 
across the narrow junction at the neck. 

EXPANSION 

Another empiiical pi'inciple which was studied before the measurement 
of heat was put on a satisfactory basis has numerous applications in engin¬ 
eering, and has become especially important since tlie introduction of kat 
as a source of power. As most of us know, the engine of a motor bicycle 
seizes when it gets overheated. A very important consideration in designing 
tmy mechanism subjected to large changes of temperature is that the parts 
must expand as little as possible, and to Ac same extent. Otherwise warping, 
friction, etc., interfere with its working, or lead to rapture through internal 
strains. The same difliculty also arises in the design of all measuring instru¬ 
ments of which the length of the parts must be as nearly constant as possible,' 
e.g. the length of the pendulum of a clock, and in the construction of pipes 
to convey hot water, of railway lines, and of steel framework of bridges, 

In a book called The Philosophy of Manufactures) published by Dr. Alex¬ 
ander Ure in 1836, we get a vivid picture of the new demands which the 
introduction of steam power as the basis of factory production made on the 
physical science of the period. We also see why the leading mdustiiahsts 
were enthusiastic in promoting a type of education different from what 
the older seats of learning in England provided at the rime. Ure says: 

The university man, pre-occupied witli theoretical formulae, of little prac¬ 
tical bearing, is too apt to undervalue the science of tlie factory, though, with 
candour and patience, he would find it replete with usefd applications of 
the most beautiful dynamical and statical problems. In physics, too, he would 
there see many theorems bearing golden fruit, which had been long barren in 
college ground. The phenomena of heat, in particular, are investigated in their 
multifarious relations to matter, solid, liquid, and aeriform. The measure of 
temperature on every scale is familiar to the manufacturer, as well as the ds- 
tribution of caloric, and its habitudes with different bodies. The production 
of vapours; the relation of tlieir elastic force to their temperature; the modes 
of using them as instruments of power, and sources of heat; their most effective 
condensation; tlieir hygrometric agency; may all be tetter studied in a week’s 
residence in Lancashire, than in a session of any university in Europe. And as 
to exact mechanical science, no school can compete with a modem cottoh-mill. 
When a certain elevation of temperature is made to give pliancy to the fibres 
of cotton or wool, the philosophical spinner sees the influence of caloric m 
imparting ductility and elasticiiy to bodies. The thermometer to indicate the 
temperatuK} and the hygrometer the humidity of the air, ^ve Im 
into the constitution of nature unknown to the bulk of mankind. Of the different 
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dilatations of different solids by increments of temperature, he has daily 
experience in the elongation of the immense systems of steam-pipes which heat 
his mill apartments, often extending 300 feet in a straight line. On this scale, 
the amount of the expansion, and contraction, needs no micrometer to 
measure it, for it is visible to the eye, and may be determined by a carpenter’s 
rule. 

One of the most flourishing industries at the time of the English Industrial 
Revolution of the eighteenth century played an important part in the demand 



Fig. 287.--C0MPENSATING FOR EXPANSION IN CLOCKS 

downwards. By using a vessel and quantity of mercury of 
S if iron peSulum S™d is 

ow7ft^Tf upwards, while that of the latter 

not cnange. ihe balance wheel of a hair sprmg watch reitulator (c) is also made of 
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for scientific knowledge of heat, fiesides making many ckperimems in 

chemistry and mamtaining an active interest in geology in the search for 
suitable materials in the ceramic industry, the great master Potter, Josiah 
Wedgwood, applied himself to devising thermometers suitable to with¬ 
stand temperatures at which glass melts. The immediate need which prompted 
these researches was the determination of the degree of baking required for 
dJiferent qualities of earthenware and china products. His paper on “The 
IPyrometer or Heat Measuring Instrument,” published in the PMlmtfphkal 
Iramcwtions of ihe Royal Society, earned him his election as a Fellow, and 
was followed by a series of communications on the same general theme. 

Various arrangements are devised to guard against displacements and 
distortions arising from expansion. In any case the important thing is to 
know m advance how much expansion can occur. As already explained, the 
expansion of gases is measured by their change in volume. A gas expands 



Fig. 288 

One type of Bxpatmn jtm used for hoc water pipes bus the Kio beewem 
ends surrounded by a double collar separated by two rubbcrrinStEfci whi!/™!! 

by at»« a, of itt volume at 0" C. when iti temperature is taW r C So 

the gas conmnd m a cylinder of uniform bore will be increased by the srae 
amount, i.e. approximately 4 in 1,0(X) per degree if its initial volume is 
me^ured at 0 C. This figure 'els, or approximately O-dhi, is alld its 
coefant of expaMion. The expansion of liqmds is mea.sured in the Vam 

k tf thermometer of the same dimemions 

abut *0 tunes m smmvs m a mercury one. The expansion of solids is 
coefficient of expansion of zinc 
^ tagth of a bar of zinc increases by 0-00003 of 

Its len^ at 0 C. for an increase of one degree Centigrade. This is a very 
kgh * for a sohd, The coefficient of expansion for glass is only O-OOOOfi/ 
For platmum «is O-OOOOOO, for cast iron 0-00001, and for brass 0-S' 
Sme rass expands twice as much as iron, it is ob;ious that a 

caused m an mon cylffider would soon seize if heated. ^ 

the various devices^ to meet problems of this kind some movitions 
have ansen out of studying the properties of alloys. The most imwimut 
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increase of ten degrees only inaeases the length of a bar by one millionth 
of its length at 0° C. So for most practical purposes its length is invariable, 
and its use will supersede some of the ingenious arrangements which have 
been invented to safeguard against the effects of expansion. Needless to 
say, )k choice of any standard of length for scientiiic or commercial pur¬ 
poses implies a specification of the temperature. Thus the iutemational 
standard metre is the distance between two lines ruled on a bar of platinum 
iridium alloy at 0° C. The bar is deposited in the national archives at Shms, 
so that the fundamental unit of distance can be determined at any time. 

NOTEWORTHY TEMPERATUJ® 

A few examples will illustrate the range of temperature encountered in 
everyday experience. The mean temperature of the North Pole in January is 
about — 41''’ C. The temperature of the flame of an ordinary spirit lamp or 
Bunsen burner lies between l,700“and 1,900‘’C, The flame of the oxyacetylcnc 
burner often mentioned in crime ficlion as part of the cracksman’s outfit is 
3,000“ C. Bodies begin to become just visibly red hot at 520“ C. The tem¬ 
perature of white heat is between 1,300“ and 1,400“ C. The normal tem¬ 
perature of the human body is approximately 37“ C or 98'4“ F. That of a fowl 
is approximately 42“ C. Among boiling points, that of araraouia is - BB-n" 
C. (i.e. it would liquefy in the polar winter), that of ether is 34-(5“ C. (i.e. it 
will boil in a room kept at blood heat), that of ethyl alcohol is 78“ C., of 
turpentine 169“ C., and of mercury 357“ C. Ethyl alcohol freezes at - Ipr C., 
and mercury at —> 38'9“ C.j hence an alcohol thermometer is more suitable 
for polar exploration tha a mercury one. Tin melts at 232“ C. before it 
is red hot, and indeed little above the boiling point of turpentine. Copper 
melts at 1,083“ C., i.e. before it is white hot. Iron melts at 1,630“ C., and 
can just.be made white hot without melting. Tungsten melts at 3,400“ C., 
above the temperature of the oxyacetylene flame, and just below the temper¬ 
ature 3,600“ C. of the crater of the carbon pencils in the electric arc lamp. 

It is therefore vety suitable for making lamp filaments. Good butter melts 
at about 30“ C., below blood heat, and paraik wax between 40“ and 60® G. 
according to the quality, i.e. just above blood heat. 

For ordinary thermometers in which the liquid is mercury or alcohol 
(usually colored to make it more visible) the range is between -114“ C, 
Je freezing point of alcohol, and -|- 367“ C., the boiling point of mercury 
The range of an air thermometer is much greater, since air continues to 
e^^and uniformly through about 1,000“, A hydrogen thermometer is 
reliable over a wider range because of its low freezing point. Hydrogen 
cannot liquefy until it is cooled to - 234*6“ C., and expands with commr- 
anve uniformity up to + i,,l00“ C. To register temperature beyond 
limits _as, e.g., the temperature of the electric furnace, the property of 
expansion is useless, and tlie observed effects of heat on other physical 
properties of matter, e.g. electrical resistance, are used. 

THE IMPORTANCE OE GLASSWARE 

^ Eeadm of detective fiction will be familiar with the threefold formuk 
by *ch crim m m to «th. In sdace tb. mao,, the oppommi™ 
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and the motive are interdependent and equally necessiary for substantial 
progress. At different places in this book n writer with access to different 
materials might well have chosen to dwell upon a difierenr aspect of the 
complex social sirucuire in which scientific enquiry is involved. 'Flic course 
most commonly accejited is to emphasize the apporitmim weated by weiilthy 
patrons of learned academie.s. In the earlier part of this hook more attention 
has been paid to the motm^ tliat is to say, to new social needs which 
suggest new problems for enquiry. Here and there the part played by im- 
provcmerii'i in glasb manufacture have been nienfioned as new mmm of 
discovery in optics, astronomy, and medicine. 

Ckimmon threads of opportunity, of me®s, and of motive, mn through 
optics, chemistry, hydrostatics, and heat measurement, in the lust dccadcii 
of the sixteenth cwuury and in the first half of the Ncveafeenth cerumy, 
when the centre of intellectual gravity was shifting fixmi Italy to Itritain, 
Holland, and France. The academics which began in Italy have Ijccn 
mentioned in several contexis. The social motive suppibnl by the needs of 
navigation has been abundantly illustrated, and in this chapter special 
attention has been paid to the stimulus which the early study of' heat 
received from meteorology during a jteriod when ticieniilic imeivit ir. 
navigiuion was actively encouraged liy the vState. Another leatme of the 
common background of chemistry, optics, hydrostatics, and (hermometry, 
illustrates the coincidence of the tnotive with the nieans and with die 
opportunity. Medicine liccanie a socially organized proli‘^sion in ilic early 
sixteenth century (see p. '< St)). As such it provided new ojiporuiniiie'i of imsiruc- 
tion and research into problems which were nt»t themselves new, Other 
social circumstances created ilie means for solving them. Two new deview 
which invested medical research with new powers were the outcome of a new 
level in glass teclmology. This fact may throw some light on tlie ticientiflc 
pre-eminence of Italy betwmi 1660 and 11160. 

Glassisaninvcntionofgretti: antiquity, So it is easy to forg.ct three things 
about the place of' glass in the hi.sf(iry of science. Ancient gi.ris was made 
for ornament. As such it wa-; vitlued less for its iransparenc}' than for its 
lint. In antiquity it was alwuy.s a costly luxury, d'hus the qualities which 
we admire in Roman glassware are precisely the qualities whicit make it 
useless for .scientific instriimcms to record fluid level with a.ccuruLy, or to 
examine changes of colour or consistcricy. 'Fhat Venice was tiie Mean of 
the European glass manufacturers in the sixteenth century is nor Irielcvani 
to the fact that Italy took the lead in the invention (sf the banvtnctcr and of 
the thermometer. Venetian glass manulkturc goes back to Roman times, .aiul 
the initial impetus to its revival in the thirteenth century was the expanditig 
prosperity of the Venetian mercantile classc.s. By the end of the fifteenth 
century glass had assumed a new use. The civilization of northcru Europe 
was progressing apace. Prosperity in the Mediterranean could dispense with 
glass windows, as it had dis})cnscd with wheel-driven clocks. Northern .Europe 
could make little progress from Nordic savagery till glass windows rcplacwl 
the sombre slits which we still see in the massive stone castle walls of the 
robber barons, Like the clock, glass windows were probably confined at tirst 
to churches tmd monasteries, By 1460 the prosperous burghers of England 
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and Germany lived in houses equipped with them. By 1550 the Italian glass 
trade was a great commercial asset. At the time when Italian science began 
to flourish, a new social demand for glass had made it a necessity of every¬ 
day life, and had set a new standard of transparency. Glass was becoming 
relatively cheap, and therefore accessible for scientific work. At the same 
time it was now valued for the quality which makes it suitable for scientific 
use. After 1620, when flint glass of high transparency was invented in 
England, Englishmen carried on and eclipsed the Italian tradition of science. 

The importance of the glass thermometer as a new instrument of diagnosis 
in medicine incorporated the study of heat within the medical curriculum 
of the universities. The next great advance in heat measurement was made 
by Joseph Black, a professor of medicine in the University of Glasgow. The 
social context of Black’s researches has been touched on in Chapter VIII, 
where reference was made to the_ rapid industrialization of Scotland after 
1745. Coalmining was an expanding industry, and the Netveomen pump 
had lately been introduced into Scottish collieries. In repairing a model of 
the Newcomen engine for use in connexion with Black’s lectures, James 
Watt, a young technical assistant, was led to an invention (p. 421)) which 
revolutionized the conduct of industry. This invention made Black’s 
researches a turning-point in the history of science, 

EXAMPLES TO CHAPTER XI 

1. If “normal” body temperature is 98 F. wkt is it (a) on die centigrade 
scale, (b) on the absolute scale, and (c) on the Reaumur scale (freezing point of 
water 0“ and boiling point 80“ R.)? 

106“ C. to the Fahrenheit scale and 20“?. and 
214 F, to the centigrade scale. 

temperature water will boil at the top of Mt. Blanc 
(16,800 feet) and Ben Nevis (4,400 feet) if the mercury barometer ftills roughly 
mch for MOO feet ascent, and if the vapour pressure of water incrca,ses 

approximatelyasfollowswitliriseintemperature: 00 “C., 16 cm.; 2 .’)cm • 

80“ C., 36 cm,; 90“ C., 62 cm.; 96“ C., 64 cm. " 

• successive oaasions the shaker of tlie apparatus shown in Fig. 282 
IS exhausted tiUtl^diffTO 

at 1 C., 74 cm. at 9*6 C., and 74*1 cm. at 23“ C. The vapour pressure of 
«er., w»™tely0.Scm..t I".0.8cm.at0-6"C.md 2 1 cm.at23“C. 

*^8 21 per cent. 

If the atmospheric pressure was 7(r26 cm., what was the partial pressure of 
oxygen in equilibrium with dissolved gas in each case? 

6. A cylinder inverted over water encloses 200 c.c. of oxygen at 20“ C when 

cm., tables give for the vapour pressure of water at 20“ C. 1 * 74 cm Use 

16.5^ C, *hcn W dew pant i, 9.2« C.. (S)eir at 21* C. when itt dew pota “ 
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7 . An ordinary^ steel metre scale agrees with an "invar” rule at 0“ C. and the 
coefficient of linear expansion of tlie metal is 0-000012. Wluit would he the 
length of a piece of glass found to be 79-61 cm, with the ordinary steel scale 
at ^>0'’C., if measured witli the "invar” rule? 

8. If the coefficient of linear expansion lor copper is 0-000017, find how big 
a gap must lie left between the ends of two copper bans, each one metre long and 
with the muhik fixed, to allow for expansion over a range of 60" C. above tlie 
temperature at which they are fixed. 

9. If the length of die tubular railway bridge across the Menai Straits is 
•ft)i metres, find how much the total length of steel varies between - fdC. 
and ')- 36“ C. (Take die coefficient of expansion as 0-000012.) 

10. The cocfficientH of linear expansion (increase in length per unit length 
per degree centigrade) of brass and steel arc 0-0000187 and 0-000011. If the 
lengdi of two rods of brass and .steel respectively are 1,600 and 1,602 mm, at 
0 C,.,, to what temperature must they be heated to make diem the same length 
exactly? 

II . A bridge is constructed from 10 girders 60 feet long made of steel whose 
coefficient of expansion is 0-000012 per degree centigrade. It has to stand « 
winter temperauire wliich may sink as low as 16" F. and a summer temperature 
in the sun of !30“ F, Wlmt must be the length of the gap between each glnler at 
the lower temperature? 

12. For every twenty miles of steel rails laid down at 37“ F., what will tic the 
total length of the track if die gaps are just sufficient to allow for a summer 
temperature of 120'’ F,? Take die coefficient of linear expansion for die niih; 
to be 0-0(10012. 

l.'fi A brass pendulum luis a half period of 1 second at 16“ G, How much 
will it gain or lose per day if kept at a temperature of 22® €.? 

^ H. If the density of mercury is 13-69(! at 0“ C, and its coefficient of cubical 
expansion isJH)CH)lB2, calculate the error in reading a mercury barometer at 
10' uml 2.'»'' C. when the true atmo,spheric pressure is equivalent to a column 
of mercury 76 cm, at O". Neglect the expansion of the glass. 

THINGS TO MEMORIZE 

1. lempcraitire F. s.-. “ (temperature C.)-j‘32'', Temperature R&umur 
‘ s (temperature C.) 

2, Relative humidity at T 

..... water vapour in given volume of air at 'F 
Mass of water vapour in same volume of saturated uir at T 

_ ..FrcssiTOof^^^^^ vapour in air at 'F 

‘ Pressure of water vapour in saturated air at T 

If the dew point of the sample has been found, then 
Ri'Iative humidity at 'F 

.. saturated air at licw pomi; ■ 

■ Mass of water vap(,mr in samMed air ^ 










Tub invention of tlie steam engine as a jnimpitig device ttwk place in ftie 
closing years of the Sieventeenth century. The newly-formed Royal Society 
in England took a conspiaicms part both in its thetiretical and pmetiad 
development. During the succeeding half-ccntiiry, wliiclt interv^med feeiwcen 
the patents of Savery and Newcomen on the one hand tmd the fniiiful 
|)i'irtiiersiiip t>f Roiikoo and Wait' on tlie other, tlie advemtmms ho|jef«i- 
iicss of early English capitalism declined,, and the tettipcr of acaiicmst: 
science gravitated away from the origiiial intention of the diarter to promote 
(as Sprat tells us) “a continuous succession of inventors," In the nest stage 
of the theory and practie of power produtiism the sane shift.;, to Kcoiiand, 
Dr. Johnson, who poured contempt on Milrwi’s atiefiipt ttt inirwhice 
the teaching of sdeiicc during his short empluynssiit m a schcKtlniaster in 
Ahfersgate,* once temurked that education in’.Scotland is like fmd in a 
beleaguered city where everyone has a little and no one lias enough, 'fnr.c 
will come when Johnstm will be rcmemlrered, if at all, for his inoptifudes. 
The first half of the cightetmth century wiis a decadent period in the Itistory 


true and lawllil gnar’ was re 


Boulton’s boyhood, Dickinson {Maulim Bmlim) remarks; “lierc as ck- 
where in the country the decay in cduatiomd fonndatlc«» that we fnni so 
commonly in the ei,[di[ecnth tremury went on almost unchecked,*’ Man- 
wliile British seieiia renewed its puth in (ilasgow and Edinburgh, where 
Dr. Idick was toe most itoiewoifhs; oi sevoral uioneers of incHlcrn science. 
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was a said cmidact to rirofcssional employmem. Higher education in Scotlanti 
leceiveda pmvctful impetiis tforn the agrariati ami Industrial Revolution in 
progress m the time wlien Watt undertook his first es[ic*riinnnts, financed by 
Black. .Sin’les {Urn uj the Bipmm-^-Ihndton (md IFn/f) reters to the 
inliiience ot I’llacl-, in the iullowing passage: 

Aii'ioiii:' Ins oflier esperimems, he (IFfitf) eoii'jrmctecl a i/oiler wiiiclt showed 
by inspection ihe quiunhy ot water evaporated in any given time, and the 
iinantity of sfeutii vi;.,e(l iu «'ety stntlw id tlie engine. He was astonished to 
diseover ricit a smnll tpiamiiy of water in the Ihnn of fiteam heated a large 
qmmiity cif culd water in)H,teti into ilie cyliiider for the purpose of cooling it; 
and njiiiti inuher cxaminaiion In; asctaiaineii that ‘iteuin liciitcd sis times its 
wdgfn 0! ct'dd wafer up to which was tlic tcnipaamre of the .steam itself, 
'•Hemg fifruck whh this remarkalde fkiT says Watt, “and not imdersfuuding 
rlic mason of n, I menfinnctl it to my friau! Dr. Itlad;, wJjo tlwi! expkiined 
tomne Jii‘i duciiinc of latent heiiti which he had tant'lit for some rime before 
thw periuft (tlie smmner of f/lit); but having myself lieeii occupied by the 
putHMits of tmsiticjci, iO: had heard of it I hu.ino£'utu;ndcd to ft, when I thus 
fitomhh'd u{H>n one of tlie miitcriiil facts by wl:iidi that bcttutifnl thcriry is 
supiHirtcd." When Watt himid time water, in Its conversion into vapour, 
became sudi a rf.cjvnjr of fieat, he watt more tlian ever bent»« eeontinri'/Jti;t 
it: lor the great waste of halt, involvitjg so heavy a coosnniption of fuel, was 
felt m be the jiriticipal i)b.*;fai:ie to the extended wiiftloyment of stwuti tis a 
iiinitvc }K)wer, lie accudiiip'ly e,ndcavout'eil with the sairse cinantity of fnel, at 
once to J«cfeasc_ the pnulurnmi of steam, and to ilitriiiiish ite waste. He iiw 
creased the h«dir!.i: ^nrtace of the boiler by maldrig flues through it; he sur- 
munded his^^ihler with wtaai, fi,s living a worse eondudor of lieat t!an the 



sap ftasicr, 

was « ei«lfcflt nmihcrMiiewn and very useful to Watt in thit capacity, llis 
reiarctjcs uu the ck’itki(y,d«if.liy and htm hm uf mmii tdmk ttm 
titJm at Ifuri'i ui/um in inoa, were for a long time the atoidard amlwrlty on 
ilM^iubkt, They were primed ia Biw.stcr’» cdiiim of Robinson’s MeNnwfm/ 
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Ihe close connexion between Scottish theory and English practice during 
the critical years of the Industrial Revolution is also illustrated by the business 
relations of Boulton with Smallj Roebuck, and Keir (pp. 424-438). Boulton 
and Watt were both elected Fellows of the newly-fornfed Royal Society of 
Edinburgh before they were admitted (1784) as Fellows of the parent body 
in London. Wedgwood was elected about the same tune in recognition of 
researches on heat measurement at high temperatures undertaken to ascertain 
the correct method of baking his pottery products. His relations with the 
Edinburgh Society are indicated in the ensuing passage from Smiles’ Life of 
Josiah Wedgwood: 

Wedgwood sent his first paper to the Royal Society on May 9, 1782. His 
paper was entitled, “An attempt to make a Thermometer for measuring the 
higher degrees of Heat, from a red heat up to the strongest that vessels of 
clay can support.’’ A few months after his paper had been read at the Royal 
Society, Mr. William Playfair, an Edinburgh Professor, wrote to Mr. Wedg¬ 
wood the Mowing letter (London,_ September 12, 1782); “Sir-^I had the 
pleasure of being present at the reading of your very ingenious paper on your 
newly-invented Thermometer before the Royal Society last spring, and of 
joining in tlie general satisfaction tliat such an acquisition to Art gave all 
present. I have never conversed with anybody on the subject who did not 
admire your Thermometer, and considered it as being as perfect as the nature 
of things will admit of for great heat; but I have joined with several in wisliing 
that the scale of your Thermometer were compared with tliat of Fahrenheit’s 
(so universally used for small degrees of heat), tliat without learning a new 
signification, or afiixing a new idea, to the term Degi-ee of Heat, we might avail 
ourselves of your useful invention, The method proposed in the enclosed paper 
occurred to me as one applicable to this purpose, and I lay it before you witli 
all deference to your better judgment of the subject. I should be glad to know 
where I could pmchase some of your Thermometers, as I can get none here in 
town.-~I am, sir, with much regard, your most humble servant“-“Williara 
Platan.” Wedgwood followed Mr. Playfair’s advice. In his next papers, sent 
to the Royal Society, he gave a reduction of the degrees of his Thermometer to 
Fahrenheit’s scale, from which it appeared that the greatest heat he could 
generate in a small furnace coincided with many thousands of degrees of 
F^enheit-the scale of heat wliich was registered by his Thermometer being 
about thirty-four times as extensive as that to which the common Thermo- 
meters could be applied. 

Through Black, Watt was brought into touch with Roebuck, whose 
pioneer activities in the manufacture of sulphuric acid at Prestonpans 
placed him in the forefront of Scottish industrial enterprise. While he 
was ocrapied in developing the Carron Ironworks in Stirlingshire, Roebuck 
supphed capital for the new invention. The venture was a failure owing 
to Meets of workmanship. Practical success did not crown the efforts 
of Watt until after a visit to Birmingham (page 429). He was introduced 
to Boulton by Dr. Small, a Scots physician who was a close friend of 
Benjamin Franklin. The renowned partnership began in 1775, 

A dem^d for the products of Boulton and Watt came first from the mines 
and the^ from the Potteries where the Newcomen engine was already in use. 
When Watt took out his first patent in 1769, there were already, according 
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to Hammond, “a hundred of Newcomen’s engines at work in Northern 
collieries alone.” Successful construction of engines of the new design did 
not begin till seven years later, Hammond tells us; 

In 1770 engines built on Watt’s principle were for the first time actually at 
work. , . . Like Newcomen’,s engine tliey worked a rod up and down and 
were suitable only for pumps or for blowing bellows. . . . The main demand 
for the engines came from the tin and die copper mines in Cornwall where work¬ 
ings were deep, fuel scarce or dear. 

About this time mcchanij'ation on the basis of water power was taking a 
decisive step forward in the textile industry. Several inventions connected with 
the spinning of fibres into thread ready for weaving coincided independently 
with the invention of the Watt engine, and prepared the way for using steam its 
a source of power in the factory. One was Arkwright’s “water-frame,” 
patented Jn 1769, to produce yarn suitable for the warp by using water 
power. Crompton’s mule (1779) served the .same end, and was likewise 
adapted to use of water power. These and other new spinning devices rapidly 
led to mechanization and factory production which extended more slowly to 
weaving after the invention of Cartwright (1785), whose power looms only 
came into use alter successive improvements from 1803 onwards. The 
response of the textile industry is illustrated by the fact that, according to 
Hammond, it absorbed lit out of 325 engines produced during the lirst 
twenty-five years of their partnership by Boulton and Watt. 

Burke spoke of Birmingham in Ids day as the “toy shop of Europe.” 
John Lcland, who visited “Bermigham” in 1538, already noted that “a 
great part of the Towne is maintained by Smidies who have their Iron and 
Sea-cole out of Staffordshire.” Small nictalHc articles, such as buttons, 
buckles, candlesticks, medals, and so forth, were prominent articles of its 
produce in the late seventeenth century, and such “toys,” as this class of 
goods were then called, were the output of Boulton’s factory. The Newcomen 
engine had been adapted already (sec p, 429) to produce rotary jmwer by 
pumping up water for a mill wheel in the Potteries. Boulton conceived 
the same plan for his hardware factory, It had also been used in Scottish 
metallurgy. The direct connexion of the piston with a wheel was not 
patented till 1781, Thenceforward steam was available for any industrial 
operations baaed oniactory production. That the need, which prompted the 
Staffordshire Potters or Boulton himself to prepare the way for steam-driven 
machinery by grafting the Newcomen pump on the pre-existing tedtnology 
of water power, did not emerge in the more widely distributed industry of 
clotliing, is not surprising, At this time the teaik industry had m direct 
affiiiatiom with the mining interests, nor had it an immediate need for much 
fuel. Hence it could not serve to bring the problems of pumping and motion 
into the same technological context. When this happened tectoical mveatlons 
conspired with political events to stimulate the main demand for steam 
power in tatdle manufacture. 

In the first half of the eighteenth century local English manufacturers 
were still hampered by the monopolistic wealth of the great chartered 
companies. Although restriction of monopolistic privileges had been one of 

T* 
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iWfj.—Ah! J-AHi.v V'.vjr Mopii immhumvm)] 


AWiough Watt's oxifemul imciui(m liud been to use the direct «i|iaiMivc power of 
compressed steam, )tis engine was really an atinospkric engine, since the prmurc 
of steam in tlie boiler was barely in excess of atmospheric presstirc, I he driving 
force, as in Ncwcoftieft's engine, was the ucation of a partial vacmitn, but this was 
brought about by the condensation of the ste.tm in a separate condemr kept coatiflu- 
ally in cold water, so that the piston was kept as hot as possible dur^ the entire 
cycle. Hence no energy was wasted in rnakiiit*, steam to heat up the pistetn cylinder I 
alter each stroke. I'or simplicity, tlte condenser where die steam liquifies and the 
pump to suck off tlic Witter wiiich thus collects in it are drawn as one unit. Compare 
this with Newcomen's hire Engine (big. 274), 'Iltc earliest Watt enginca were sold for 
piimping like Hcwccnnn's, 'Ihe mine pump^rod was aimchcd to a whcelforpro¬ 
ducing rotary motion in tlie ".'‘iuts and Planet" Patent of 1788, 
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the ordinal sources of conict with the Crown in the period which preceded 
the first Revolution of Stuart times, the power of the great colonial trading 
interests emerged intact from the political straggles of the seventeenth 
century. The financial and mercantile oligarchy of London exercised a 
powerful influence in Parliament, and the power of Parliament could still 
be used to seaire monopolies which handicapped locid initiative. The great 
wealth of the “Nabobs” created a fashion for Ae silks and other fabrics of the 


East India Company, and so stimulated a demand wliich the English clothier 
could not hope to satisfy. A continual conflict went on between local manu¬ 
facturers and the monopolies. In 1700 the former succeeded in getting an 
Act passed to forbid the import of cotton goods already printed and dyed, 
and in 1721 atiotlier Act prohibiting importation of goods exclusively com¬ 
posed of cotton for printing and dyeing. In spite of these minor victories the 
fashion for Indian textiles persisted. During the War of Independence the 
American middle classes were in one sense fighting the battle of the small 
English manufacturer as well as their own. Their success, which dealt a 
decisive blow to the old imperialism, was also a prelude to the rising political 
power of local English mamiacrarers. The successive impeachments of Warren 
Hastings and Lord Clive in the two decades which followed the beginning 
of the War of Independence and of the partnership of Boulton and Watt 
were public obituaries on the prestige of the great merchant monopolies. 
The ethical vehemence with which nascent humamtarian sentiment of the 
time was enlisted to apose the ill-gotten gains of tire Nabobs might have 
been adapted to expose abuses nearer home, if it had not bem usefully 
employed in making aesthetic fashions mimical to manufacturing interests an 


object of moral obloquy. . . .. , . 

During the period of more intensive mechanization m tatile production, 

the Potteries were active in promoting a transport revolution, which began 
with the construction of a canal between Manchester and the Duke of 
Bridgwater’s colHcry at Worsley in 1760. The new canal system,_which grew 
to meet the needs of a rapidly expanding volume of commodmes, and e 
collieries, where tlie use of steam power had been so long estabhshed, were 
chiefly responsible for the introduction of steam-driven transport. Symington s 
tttatUmched »tte Forth md Oyd^ M ^ 

Wtai wW™/Putins do™ “‘t t*/® ‘“’'"i”''? 

first stentn locomotive was tried out err one of these ttnek i*ads at M^y 
Tvdvfi in 1804. In 1819 the Sist steamship crossed the Atiarttrc. A goods Ime 
beLen Stockton arid Darlington was authorried W 
later, and was opened in 1826. In 1830 a passenger Ime between Lrve^l 
and Manchester irutiiited the modern Engirsh rarlway system, the mam 
features of which were blocked out by 1848. 

The Newcomen mechanism was not arkpted to rotary > " 

fore, to te needs of firctory produedon. It was^ 
sarily wasteful. Steam had to condense m the piston cylmder at e 
and could not refill the cylmder till the latter had been heated up agam. 
used up time and fuel. In the Watt patents and m aU 
Zil i condenses in a separate chamber. There it is prevented from 
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cooling much below the temperature at which it will just pass into the liquid 
state, and returned to the boiler with as little loss of heat as possible. No fuel 
is wasted in continually heating up the piston cylinder or continually bringing 
a large volume of water to boiling point. The introduction of the separate 
condenser therefore made an engine dependent on atmospheric pressure 
more rapid, more economical, and—for both reasons—better adapted to 
produce rotary motion. For this it was only necessary to connect the piston 


The Dark Satanic Mills 589 

more power if the direct pressure produced by the expansion of compressed 
steam acted on the piston in both directions. His attempts to construct an 
engine which would use the full force of expanding steam at each stroke 
were defeated by inferior technitiiie of machine construction. These difli- 
culties were finally overcome by Trevithick’s engine, introduced about the 
year 1800. In modern engines which use the direct power of .stetira, the latter 



In u - Railroad System in Ageicola’s Treatise 

* P“ pm- 

to ^ ™ — to..r 

separate condenser, steam was uL modification with the 

of the stroke was l£S ^ 

atmospheric pressure the volume of exerted by the atmosphere. At 
of the boiling water which produed it times that 

generated when water is he^d m r - Itigh pressures can be 
realized that an engi^^: ^ «P«ce. Watt 

given size and fuel consumption would generate 


FIC3, !!!)!.»..»Doi!W,K.ACrnN« I?.NOmH 

In the dtjublc-atting engine which uses direct stemn pressure the slide valve which 
Hitcmateiyicts in siciim m opjwsiw enthi tif tlic pistun is worked from the miin sliaft 
“y iwi, txa-niric," bur clarity a simple lever luuichment is here 
siwwu. me mertm ol the flywheel ames the pistmt back or forwiini during the 
'ris shutoff completely M the end of the back tUKi for¬ 
ward strokes, l he ]oims to permit liiterai displacement of the rcHls ire nm shwn. 

is let in and shut off alternately (Fig, 201) by suitable valves placed at opposite 
ends of tihe piston cylinder. 

Nowadays we are all aware that the body uses more fuel in cold weather 
and when performing hard work, So it is easy ibr us to sec that the New¬ 
comen en^ne was trying to face the rigours of an arctic winter on m unem¬ 
ployed ration for food and dothing. Commonplace truths of an age when 
talones emp up in parliamentary debates or in the columns of housekeeping 
journals were new thcoreda! discoveries in the eighteenth century. We take 
it for granted .that, it is the bu5,iiiess of an engineer to draw up a balance 
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sheet of fuel consumption and power. Nobody did so in Newton s time, 
Watt’s engines were at once the offspring and the parent of scientific know¬ 
ledge wludi Newton and his contemporaries did not share. 

THE MEASUREMENT OR THERMAL EQUILIBRIUM 
The achievement of Watt was made possible by researches which for the 
first time clearly established the principle of tonal equilibnuni and the 
effect of heat on the change of state from liquid to vapour. Black’s invcsu- 
gations, which will now be described, were the dawning recogniuon of one ot 
the most revolutionary, tliough simple, conclusions of modern science. It 
is now called the coimmiilon of energy. In simple language tins means that 
if we measure each kind of change in suitable units, toe is_a fixed relation 
between the amount of change of one type which gives risc^to a certain 
amount of change of another type. The recognition of this universal truth, 
which now links all brandies of natural knowledge together, rests on dis¬ 
covering suitable ways of measuring the various kinds of changes which we 
classify "as heat, light, chemical, mechanical, electrical, etc., according to 
their direct or combined dfccis. _ ^ 

To Black’s rcseardies we owe the fundamental principles of a balance-snect 
between the source of heat and the use of heat. Costing heat production 
and fuel consumption involves two classes of measurement. Ihe first is 
temperature. When two bodies at different temperatures are brought 
together, each suffers a change which continues till hotli regker the same 
temperature. I’his is essentially what we mean when we speak of the flow 
of heat, imd we shall take it as a definition of what we niean by thecal 
change. Water at exactly if C. has not the power to melt icc at 0 C. Water 
at lOff' C. has. The temperature of a body to indicates whether or not 
it has the power to change its surroundings in particular ways. For this 
reason we may say that temperature measures the potmtial of toma 
diange. Thermal change also involve.^ a seamd class of mcasurcmcnis cdlco 
the heat capacity of a system. Since different quantiti® of water at 100“ C. 
will melt different quantities of ice, the heat potential of a body, i.e. its 
temperature, is not sufficient to tdl us how much change it will bring about. 
This also depends on how large it is and on the nature of the substana. 

In the previous duiptcr we have seen how this was first (p. 602) wtablishcd 
hai R century Wore Black’s work began. The Italian metcorologista had 
shown that equal quantities of different substances at one and the same 
tempemture, let us say 100“ C, wiff melt different quantities of ice. Sintoly, 
if we mix the same quantity of water at, let us say, 0® with equal quantmes 
of odier substances at lOlf, Ac final temperature when boA consritumw of 
the mixime arc brought to the same temperature is different for different 
substances. If the same wroe of heat (c.g. a hot plate at constant temp®:- 
ature applied to the base of vessels of Ac same materials and dimensioas) 
m for the same lengA of time, the temperatures through wMch equal 
masses of different substances arc raised axe different. Any one of these 
meAods an be used as a criterion of Aermtl apadty. The same prqpoitiott 
eiists between Ae massa of a group of different materiuls which at one ind 
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Ac same teraperatiire will (a) melt a given quantity of ice, (b) raise Ae 
temperature of a given quantity of water to a given level, (c) reach a given 
temperature in a given time when subjected to the same source of heat. 

For the purposes of illustration the second of these Aree gives us Ae 
most simple way of studying Aermal equilibrium, that is to say, Ae nature of 
the final result when no further change occurs. If we mix equal quantities 
of water at 5“ and 15® Ae resulting temperature is Ae ariAmetic mean 10®. 
If we mix 6 grams of water at 5“ wiA 15 grams of water at 15® Ae final 
temperature of both is the arithmetic mean weighted according to Ae weight 
of each constituent, i.e. 

i^x6® + «xl6® = 12|® 

The second result can be deduced from Ae first if we make a simple assump¬ 
tion. Divide the water at 15° into two lots of 6 and 10 grams. If we mix Ae 
former with the water at 5° Ae resulting temperature is 10°. We now have 
left two lots of 10 grams at 10® and 16° respedvely. On mixing, these will 
both reach a final temperature of 12-|°. Since experiment proves this to be 
true, we can proceed to examine different types of Aermal equAbrium by 
applying Ac same convention, i.e, by keeping a separate balance-sheet for 
whatever happens to each constituent. 

If you do this you will notice that the 5 grams of water (A) at 6° has gained 
12|® - 5°=7f C., and Ac 15 grams of water (B) at 15° has gained 12|° -16° 
2'F C, Hence its loss is one-third as much as Ae gain m temperature 
by A, wliich is onc-Aird of B by mass. That is to say, 

Temperature gained by A _ Mass ofB 
Temperature gained by B Mass of A 

Putting ta and 4 for Ae temperatures of A and B at the beginning of the 
experiment, T for the final temperature, and for Ae weights of Ae 
constituents, 

This rernmds you of the law of equffibriuin of Ae lever. On each side we 
have the product of two quantities. In Ae rule for the lever Ae two quantities 
(distance and force) are ways of measuring different components of mcchamcai 
work. In Ae rule for beat they are ways of measuring different components 
of Aermal change. Just as we measure work done by Ae product of Ae 
load and the distance Arough which it is lifted, we may Aerefore measure 
heat change by Ae product of Ae temperature Arough whiA a quanuty 
of matter rises or falls and tlie amount of matter vvhich is involved. The 
lever is m cqmlibriiim, if Ae same amount of work is done on one weight 
and by Ac oAer weight. By analogy, Aerefore, we^say Aat Ae common 
temperature wliich the two boAes share when eqmhbrmm is estabhshed 
must be such as to make tU amount ofkat gmn uphpnt equivalent to he 
mount ofheat takm in hy Ae oAer. The omottni of heat is ^ 

product of Ae temperature Aop anffmass, to as .Ae amount of work is 
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Experiment shows that the law, in the form stated so far, is only true 
if the constituents of the mixture are made of the same material. Mixing 
5 grams of iron at 5“ C, with 15 grams of water at 16° C. does not lead to 
the same result as mixing 6 grams of water at 5° C. to 15 grams of water 
at 16° C. It takes, in fact, 9 times as much iron at 5° (46 grams) to cool 
15° C. of water to 12|° C. Similarly, it takes 9 times as long to raise a given 
mass of water from 5° to 15° as to raise the same quantity of iron from 
6° to 15° using the same source of heat, and it takes 9 times as much iron 



at 100°C b 28°C radsdhylli.waio' 

stl00tijo60°C 


Fig. 292.—Specific Heat of Iron 

The specific heat of iron is ■?. Hence the heating effect of iron is one-ninth as great 
M the heating effect of water. 1 lb. of water at 100° added to 1 lb. of water at 20° equi- 

at 100° eqmhbrates at u • 

M20°),+1^(100°) = 28° C. 


as water both at 100° C. to melt a fixed quantity of ice at 0° C. Thus the 
same quantity of iron at a given temperature can be heated or cooled far 
more readfiy than water. For purposes of heat equilibrium 1 gram of iron 
behaves as if it were one-ninth of a gram (O-ll gram) of water, and we can 
therefore calculate the thermal equilibrium between iron and water by 
simply multiplying the mass of iron by O-ll, This index is called the 
specific heat of kon. 

To apply the law of thermal equilibrium to substances other than water 
we therefore multiply the mass of each by its “specific heat.” This gives 
w Its heat capacity expressed as that of an equivalent quantity: of water. 
Water is chosen as the standard because of its very great heat capacity. It 
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will help you to understand why nearness to water results in a more equable 
climate, or why sandy deserts get so much hotter than regions of rich vege¬ 
tation exposed to the same duration of sunshine, if you compare the specific 
heats of a few substances. 

Sand .. 0*19 Aluminium.. 0-21 

Glass .. .. 0-12-0'20 Mercury .. .. 0-03 

Turpentine., .. 0-42 Brass .. .. 0*09 

You will notice that tlie specific heat of sand is 0T9. This means that it 
takes roughly five times as much sand to produce the cooling effect of a 
given quantity of water, that it takes five times as long to heat up water as 
to heat up the same mass of sand to the same temperature, and that a 
given quantity of sand cools to tlie same level five times as fast as the same 
quantity of water. A mercury thermometer only absorbs one-thirtieth of 
the heat which is absorbed by a water thermometer of the same dimensions. 
So it responds more quickly and is more accurate. Mercury has several 
advantages over water. It does not wet glass, does not evaporate so readily, 
expands evenly, and has a much wider range between the boiling and 
freezing points. 

To find the specific heat of a liquid the simplest method is to measure 
the same mass of the unknown and of a standard whose specific heat has 
already been found (e.g. water sp. h. = 1). If both are brought up to the 
same temperature and allowed to stand in vessels of exactly the same dimen¬ 
sions in a draughtless room at uniform temperature tlieir specific heats are 
proportional to the times taken to cool to any fixed temperature. To 
find the specific heat of a solid it may first be weighed and then put into 
a vessel containing a known weight of water at a different temperature. If 
the specific heat of the solid is s, its temperature 4, and its mass w, the mass 
of water at a lower temperature being M, the heat capacity of the solid 
is sm. If the final temperature is T the amount of heat given up by tlie solid 
is the product of the fall of potential (4 - T) and its heat capacity. So the 
heat loss is (4 - T). sm. The heat gained by the water is - (t^ - T)M, and 
according to the principle of equilibrium, 

rm(4-T)--(4~T)M 
M T-t^ 

~ m 4 ~ T 

As an example of such a determination, suppose 10 grams of lead at 160° C, 
is added to 40 grams of water at 20° C., and it is found that the final temper¬ 
ature is 21° C. The fall of temperature of the lead is 129° C. (i.e. 4 - T 
= 129° C.), and the rise of temperature of the water is 1“ (i.e. T r- 4-1° C.), 
so that if I is the specific heat of lead, 

.v = X ill = 0-03 (approximately) 

Strictly speaking, we ought to make allowance for the vessel containing 
the water, If the weight of the vessel is small compared with the water 
contained in it, and the material has a very low specific heat like brass, this 
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source of error is very sncill. 'I'o for it; wc h;ive onty to odd i.a il^t* 
mass of Wilier tlie niiiss iiidiie niohii'jieil by iis specitic lie.fi, 

III speaking ot the amount oi hc.d io.-.i in' gaincii, the iiueniaitonai I’fiit f. 
the unuiuiii' ot heat isiiiwil or kva v.hcii one jri'ani oi’waier is rai’ial or l.uuncii 
tlifoughj,® Thin la ealicd the ivhirw. It foliuws Ikua the ddioiiK u jhal 
lb aiktries ate expended in laiidug It) grams of water r, or i gnun of o.gei 
bl'jor 5 grams of water :i! ', in:. 'I'he cornmeidal value of fuel in ihjtwu is 
measured by an imalogoiw unit, the Biitisli Tiiermid Unit, whidi is tiie 
wiioimt oflieat required to laise I lb. of water tluougli l“ i\ The ‘ t.hcf-if 
is lOtyilk) B.TI 1 .U. How we can udjosi the supply ofgastu ihedem.mvj lor 
it: may be illustrated by a sirajik; example. An iron ketilr wciiths ;i ib., ami 
the water in it weiglis fi lb. Tiikiiig the s|)Lx;i!ic !w.ii of iron as npimm- 
rnately the eqiiiKiknt: weiglit of water only is ■! d, «r of, Ifs.'lJenre 
n§ K.Th.lJ. arc required to heat it ihiongli I" F. I’o Imil water whids !v,% 
been !:ept in a room at PT' ih, it has m be raised train b;j’ l>. to did F,. • 
throti|;h IfiO" F. Thus the heat n,‘i|uired is 

We caukn'nv hi.v jiur'hlK.u ih/idJ’.) isj'radrav i by biimmg I cub. ft, 
ol ga,s oiiee It.r all by fmtJitu; ihc temptraiure ;b.j d,tough whidi I lb. of 
water is raised by the comiHtsfion ot' a measuietl solume. ikme wc can 
estiniuie the {(uamity ot gwi le.pm.:.! lu Inii! any qiMutiiy of water m miy 
kettle oi known dimcnsiisus. iidfidi gas wtuks aic rapiired to suj'piv gas 
having a healing power not less tiian •Id) H.'i h.lh jKr aibic Snuc I ih, 
ol water is Fd-f! gram:., it lakes (.alories to iiii^e I lb, oi water f't!. 
Since a dtgrec iulirenheit is dlas id a cauigradc tlcgiffc, it rakes 
6 • Ihll-f} 

' * i'll ralojia; to raise III). tliroiigh i'* E Thm I Ik'rh, tlihiU 

ciilories, bur tnany piirj'i)M,'s the caloiic is tim snuill u unit, and u lani atraltigiin’i 
to the tlienn is used, This ji thtt ‘qinjre {-iionc'* {,,pei| ,^,{}},, ^ , 

which is equivalent to I,(too oidicary iakiries. When w<; ''[fafe I,net on ara'iil 
the siikjric value ot u ihet w,’’ nu:;»n “huge" tiiionesj j.t;. thdic,, jbj. 
unit defined aKwe. 

nn- lA'ii-Nt (tfA'r oi' lui .smd mj.'sw 

The last ies!i.uks ptovide an example ot a fixed te" men heiwcn. a defimitc 
amount ol tliemual change finunm.', i cub. tl. M e..h and a dciuuie ttrtmuni 
lit tiieiuiai diaiige fso m.uiy IkTh i .) lesulnng ira.n u t k-u view* aUnit 
the mteiconncxiou ol vhimges m the p!ndi.d world a,urail> |■<g 4 « with 
the study ol lira eonvrrse pidiem, the quantity ol jiu.iIk* ivr ol phymul 
choiige resulting tram a tliem.'a! diange- ’IIun, a .ourse, was only ptrssiblc 
when the siudy ol Itcac ufsiuty h.ij Iraen underraken a'ld ihe principle of 
thermal cquilihiium established il‘.rougli Flid's je-ewuhes, sshuh led o« 
to tm enquiry inu> the relation of Insu to cliange ot srate, and lieiicc so dealer 
vrcwii about the pliysblogy ol the sicvm engine. 

Most ol m know that when water is brought to the baing poiur it doe* 
not turn mto sicani mstanumeotnly. It retnains at ititf c, at atmoipbcira 
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piessora . 1 . II pyaiiu.diy “iHiihi away.” Sitnilmiy, when a small quantity of 
builhig \<,.Ui-r i'i ;ivkh'd to iee ut 0", some of the ice melts to vvatcr at (F. 
hpiilir.ntji.i is le railed without any chani'c; of terapmtiire so far as the ice 
!', t'oneeiiicd. .Still, m any intelligible sense, the flame or the boiling water 
have kr.f a couaiti amouiu of heat, which does not result in a corresponding 
gain of femr'er.itnre by the water or the i«. It results in a totally diflerent 
kind <:>t diange, chan.ge state Irom liipiid lo vapour or solid to liquid, 
lira smtidest vwiy tii '-how ihai ihmc i,s a ciuisuint relation between both 
dumgCH wlram iiKstMucd upprapimteh, is to apply the same source of heat 
w a kti'mn miisN td lu* ai u and nute how long it takes to melt the ke, to 
rc;uh lira lioillni' poim, and lo !oil away completely, You will then find 
tli.if, tv r a u u-mi jrauod r,, miiiuies while liir ice is melting you have a mixture 
ot w ;U'’r at I) i.md ill* at 0 Thereafter, when there is no more ice, tlw 
teiiipemtura um's iieaiiy unilmmly fram D" to KMT C. tor a artiiin period 
L. I'of a linul period r,, while ihe water is boiling away, the tempeniuire 
remiiim- at io"' C, li ihc expuimeni has been carried init witli 1 gram of 
UT, the am.oimt ui heat used up ja tlu; {ime /,,, when the tciiiperaliirc rises 
fram u f(» }fsi, is Ktn i.ilotim,. ‘lira xtiirci; of heat is therefore yielding 
K«) calorics per mimiie. In /, rainutex it liierdbre gives up I, x 
(KMt LJ caliirics, ami m mirnitcs K (KmI ■; • ri,) eilorics, Tlierdbre 
ihesc fvsu quantities repivstmr lira amount of heat respectively absorbed in 
converting i gram id he at o' into I gram of water itt b', or 1 gram of water 
at Km' inui 1 gram ot Hcam at iW)''. 

'Miry ale died the latent hat of melting and the latent hc.it of vaporiza- 
tiitigauil ate cratsumt, lacing HO and bit? calorics per gram respectively. 'Phus 
the ammirn of heat required to tunveri one gram of water at KH) " (k to 1 gram 
ot steam at irai " C, is .Vi7 times as great as the amount of heal iccjuircd to 
raise 1 gram of water at Kii' C. to i gram of water at KX l" C. An electric hot” 
plate which raises water at Ireering temperature to the boil in 2t> niimiits 
will )ust melt the same weight of icc at K' (1, in 'ill minutes, and will not 
ev;tp<^r3tc ihe wsucr m dryness till just under two hour.s ami a tpiattcr (ITl 
mimm] alter it Iragms to hnl. It takes H grams iT water at KF C. to melt 1 
gram ol i^c as u . It takes iis grams of uirpemine at 1 IT tk to convert 1 gram 
of water at boding poim into steam. 

‘fherc arc many simple applications of these facts in cverjdiiv life, as, for 
instance, the conhng clicct of sweat evaponititig on lira skin. Another is the 
behaviour of a freering mixture, All soluble substances depress the frecring 
|mm( ol svatef. lienee salt water melts below li”, So when common salt is 
idded to icc at u the mixture is nut in equilibrium, and the tec melts. ,Sincc 
lot absorbs Hu calories of hear jrar gram niclird, this can only happen by 
ctmiuig its surroundmgi, and a jug of water surrounded by 11 “Ifcozing 
tiusuirc” of icc ami salt is itself frozen, flonversclY, water gives up heat 
wften it freezes, A Urge pun of water placed near vegciaMcs in :\ room pro- 
vent# them from frce/.ttig lor this reason, The vcgerafdc ?;:;p umtaitiing solid 
IIS solution has a lower irccring point than water, Tite water therefore fieczcs 
first, and ia doing bitek die -H!) calories per gram which icc takes up 
m njeltifig, thus helping to keep the tcmjHirature of the rwm ;tln,ive the 
frerriflg point of sap. 
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In his book on the Theory of the Earth, the great Scottish geologist Hutton 
refers to Black’s work in words which are appropriate to tlie results when 
its implications began to be recognized. “In the abstract doctrine of latent 
heat” he says “the ingenuity of man has discovered a certain measure for 
the quantity of those commutable effects which are perceived.” Though 
history has hardly verified his aristocratic assertion that Black’s discovery 
was a “progress of science far above the apprehension of the vulgar,” it 
sufficiently justifies the statement made earlier in this chapter. Although it 
now seems commonplace to recognize a definite connexion between different 
kinds of changes HIk the consumption of fuel, the heating of water and the 
production of steam, it was not the way in which people looked at the world 
before Black made ±e first balance-sheet connecting two different kinds 
of physical processes. 

A new era of physical research now began. In 1777 a Scottish chemist 
called Crawford, who was associated with Black, showed that the temper¬ 
ature of tlie same container was raised by 2 ■ 1,1 • 9, and 1 • 7 (i.e. approximately 
the same number of) degrees Fahrenheit for every 100 ounces of oxygen 
consumed by burning wax, burning charcoal, and the breathing of a live 
guinea-pig. Tliree years later Lavoisier and Laplace burned a weighed amount 
of charcoal in a vessel surrounded by ice and calculated the quantity of heat 
generated per unit weight of carbon dioxide produced. They did this by 
measuring the amount of ice wliich melted. They then made a simila r 
experiment and calculated the amount of heat lost by a living guinea-pig 
during the production of the same quantity of carbon dioxide, concluding 
that “respiration is therefore a combustion, very slow certainly, but perfectly 
similar to that of carbon.” The movements of the animal did not affect the 
measurement. Thus when all movement had ceased the only lasting change 
was the production of a certain quantity of carbon dioxide and the melting 
of a certain quantity of ice. In a noteworthy letter to Black, Lavoisier dis¬ 
closed the results of later experiments, from which he concluded that the 
oxygen consumption of a man varies with the temperature of the room and 
his own activity. At 26° C. he found that a man consumed 24,000 c.c. of 
oxygen per hour. At 12° C. he coiisumed 28,000 c.c. During exercise he 
might consume as much as 80,000 c.c. In any case the final result measured 
as the ratio of a certain amount of carbon dioxide and a certain quantity 
of heat was practically constant. 

The close personal relations between the leaders of Scottish science and 
English industry during tlie formative period of the Industrial Revolution 
have been emphasized for a special reason. Books which adopt the serial 
obituary method of exposition in dealing with the history of science are apt 
to dismiss Ae significance of parallel developments in theory and practice 
as mere coincidence. The emergence of the energy principle in modern 
science exhibits the interaction of theoretical discovery and its practical 
applications both in the character of the major problems and the personal 
affiliations of the principal actors. Watt’s invention was made possible by a 
certam^ level of theoretical knowledge. It is hardly too much to say that 
Lavoisier’s experiments were the inescapable sequel to its economic 
exploitation. 
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Boulton and Watt had overcome the prevailing prejudice against the 
steam engine by_a curious device for marketing their produce. While the 
patent remained in force the purchasers agreed to pay a premium represent¬ 
ing a one-third part of the savings in fuel effected by replacing the New¬ 
comen by the Watt model. Hence the profit of the partners was directly 
based on the costing of power production. The arrangement is thus described 
by Dickinson {Matthew Boulton), 

There are very few cases where a simple replacement of a common engine 
by a Watt engine took place and actual measurements could be made, because 
usually the new engine had to pump more water or it had to pump from a 
greater depth than the old one; then, too, the mine for which it was wanted 
might be an entirely new one. To establish a standard of comparison two 
common engines at Poldice Mine were agreed upon as average and a small 
cominittee made the necessary tests. It found that tire “duty” which is the 
Cornish way of expressing the performance of an engine and meant the number 
of pounds of water raised one foot high per bushel (say 94 lb.) of coal, was seven 
million. The load on the piston of the common engine when performing its best 
was 7 lb. per sq. in., while Watt’s engine did its best with a load of 10| lb. In 
other words, to do the same work the Watt engine was smaller than tlie common 
engine in rado of 3 :2, Watt drew up a table of sizes of his engine with corre¬ 
sponding sizes of common engines and the appropriate figure was inserted in 
the agreement that was entered into. To calculate the savings, it only remained 
to measure the coal consumed and the quantity of water raised. The former 
was already done on the Cornish mines, because by an Act of Parliament of 
1761 a drawback of the duty on exported coal was allowed on all coal con¬ 
sumed in the pumping there. To measure the water pumped, knowing tlie 
diameter of the pump barrel and the stroke a figure could be calculated giving 
the weight of water in pounds delivered by every stroke. It was finally necessary 
to count the number of strokes and this was done by a mechanical counter 
fixed to the beam of the engine in a locked box to prevent it being tampered 
with. Boulton got the idea of tliis counter in 1777 from a pedometer, made 
by a firm of Wyke and Green in Liverpool, and made some of them himself at 
Soho. This method of charging by royalty or premium as Watt terms it, was 
quite fair because tlie adventurers only paid so long as the engine was working. 
If the mine closed down payment stopped. However, the method of calculating 
the premium was not too readily grasped and much to Watt’s chagrin, although 
probably to Boulton’s secret satisfaction, the partners had to give way in favour 
of a fixed payment annually for each engine according to its size. 

The experiments of Crawford were thus a laboratory model of the new 
task which industry was undertaking on a larger scale. Boulton, says 
Dickinson in his recent biography,— 

states it succinctly towards the close of the partnership in a letter to James 
Watt, junior, thus (B. and W. Coll. 1796, November 28 th): 

One bushel (84 lb.) of Newcastle or Swansey coal will— 

(1) Rise 30 million lb. of water 1 foot high; 

(2y Grind and dress 10, or 11, or 12 bushels of wheat according to the 

siateofit; 

(3) Turn 1,000 or more cotton spinning spindles per hour; 

(4) Roll and slit 4 cwt. of bar iron into small nailor’s rods; 

(6) Do as much work per hour as 10 horses. 
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■ XHE MECHANICAL EQUIVALENT OF HEAT 

For several reasons Lavoisier’s work was a turning-point in the liistory of 
human culture. Science had travelled'a long road since anima was at once 
common breath, the human spirit, and vapours materialized in the retort. 
The changes which occur in the living organism were now seen to be related 
to changes in the physical world in the same way as similar changes in non¬ 
living machines. '\^en Lavoisier’s man took exercise, he perfomied mechan¬ 
ical processes. When these had ceased nothing remained except the fact 
that the temperature of the air had been increased and more food had been 
used up as fuel The increase in temperature illustrates the general fact with 
which we are sufficiently familiar in an age when motor bicycles are apt to 
overheat. Mechanical work produces heat just as heat produces change of 
state or chemical decomposition results in heat. By measuring the net result 
in calories, Lavoisier applied to the working of the living machine a new 
physical principle which is the fundamental basis of modern machine 
design. 

To make the best steam engine we want to know how to get as much 
work as we can out of the least quantity of cod. A standard of efficiency 
therefore entails knowing how much fuel is required to produce a given 
amount of heat, and how much heat is used in generating a certain amount 
of mechanicd activity. It might seem an obvious step to ascertain the second, 
once the first had been taken. The subsequent course of events shows that 
what was obvious to the working technician was not obvious to theoretical 
scientists trained in the Newtonian tradition. After the first researches of 
Crawford and of Lavoisier and Laplace nearly hdf a century elapsed before 
the “mechanical equivdent” of heat was actually established. 

There were severd reasons for this delay. We are reminded of one of 
them by the way in which we still speak metaphorically of the “flow of 
heat.” Eighteenffi-century science was simultaneously growing out of a 
belief in three very influentid spooks, two of which, anima md phlogiston, 
have been mentioned. A third, which has not been mentioned, is caloric 
or heatfluid. Cdoric passed out of bodies when they were cooled, as phlogiston 
passed out of bodies when they burned, or as anima passed out of the lungs 
and the contents of the retort. Between a century which believed in cdoric 
and phlogiston and a century which studies energy transformations and 
chemied reactions there is all the difference between the viewpoint of the 
engineer who is busy changing the world and that of the philosopher who is 
content to “interpret” it. Just as spirits continued to preside over ferment¬ 
ation after they had ceased to fimetion in the retort, cdoric continued to 
dog the consideration of changes involving the application or production 
of heat for three-quarters of a century after Black’s work. 

(Concepts like pMogiston, cdoric, and the persond Deity of liberd theology 
behave like the cat in Alice in Wonderland, The smile lingers after the cat 
has passed out. Black’s latent heat, Lavoisier’s experiments on exerdsey’and 
Priestley’s work on the eddnation of metds, all telescoped in the three 
de^des preceding the French Revolution, mark tlie fiml dissolution of 
Aristotelian animism in the natural sdence? when the stage was already set 
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for an intellectual reawdtening, in which clericdism received a far more 
severe assault tftan it had suffered from the Reformation. Capitdism was 
recovering the adventurous hopefulness winch accompanied the foundation 
of the early continentd academies and the Invisible College. Science more 
slowly extricated itself from the scaffolding of metaphor derived from a 
pre-existing technology which provided no theoretical incentive to costing 
tlie avdlable sources of power. 

The analogy between water-power and steam-power production is a 
useful way of drawing attention to what quantities should be measured if 
we expect to see how one “commutable effect” is conneaed with another. 
So we may pause at tliis point to compare the measurements which affect 
the total mechanical activity resulting from a flow of w'ater with measurements 



Fig. 293 

Temperature gradient along a bar of metal when heat is “flovving.” 


that affect the final temperature reached when a source of heat is applied. 
In studying thermal equilibrium we encountered two kinds of measurement 
which enter into the final result. Analogous measurements enter into prob¬ 
lems connected with mechanical work. 

When two bodies at different temperature are brought together, the one 
at higher temperature is cooled, and fhe one at lower temperature is warmed 
until both have the same temperature. The existence of dirence of temper¬ 
ature alone is therefore concerned with ths power or potential of the constitu¬ 
ents of a system to undergo thermal change. If two reservoirs containing 
water are connected water sinks in the one at higher level and rises in the 
one at the lower level until there is the same head of pressure in each, 
i.e, till the level of water in both is the same. Difference of level is therefore 
the only factor which we have to take into account, and represents the 
potential of change. The analogy between temperature and pressure head 
or water level can be illustrated in another way, if we talte into account a 
very important but not very familiar fact about the flow of fluids. If we heat 
one; end of a bat of iron bored with holes for thermometers at regular intervals 
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along its length, we observe a continuous drop in temperature from the 
heated end to the opposite end, until both are brought up to the temperature 
of the source of heat. We then say metaphorically that no more heat flows 
{Fig. 293). Similarly, if water flows out of a reservoir with a horizontal 
duct, having a series of upright tubes in its course, there is a continuous 
fall of pressure head along ^e length of the duct so long as the water continues 
to flow (Fig. 294). 

This property of flowing fluids is a very important one, partly because it 


R 


B 


C 
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of pressure. of tk tube 

Fig. 294 

Pressure gradient along a tube of water which is “flowing.” 

{A tap closed, B tap open-water flowing, C equilibrium reached—flow ceases. 

may help you to see how the heat fluid metaphor suggested itself to people 
who were more famihar with the use of water power than we are, partly 
because it is still more helpful in explaining why the same metaphor was 
introduced to describe the electric “current,” and partly because of its 
importance in connexion with a biological phenomenon which was being 
studied m the eighteenth century for the first time. As most of you know, 
blood spurts from tlie thick walled vessels called arteries which lead it away 
from the heart to the tissues and trickles from the thin walled veins which 
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lead it back from the tissues to the heart. If the artery or vein of an anaesthet¬ 
ized anhnal is connected with a pressure gauge (or “manometer”) the 
pressure registered by the arterial blood is much higher than that of venous 
blood. In man the pressure of arterial blood which measures the force of 
the heart’s action is about 110 mm. of mercury. That of venous blood is 
rarely more than 5 mm., and may sink below zero. This fact, which is simply 
due to the “resistance” of the long distance through which the blood travels 
in tihe minute vessels (capOlaries) of the tissues, explains the use of the 
peculiar valves like watch pockets (Fig, 244) which occur in the course of 
veins and are absent in arteries. When there is a back pressure in the veins 
the valves prevent the blood from being sucked away from the heart, and 



Fig. 296 


When water flows between two reservoirs at different pressure heads (P), the final 
head of pressure (F) depends on the quantity of water in each reservoir as well as on 
the difference of pressure. 

ensure that it only moves forwards towards the heart, the investigation of 
the pressure of blood in the arteries has led to important discoveries about 
the properties of drugs which act on the heart or tihe muscular coats of the 
blood vessels, and has also led to useful methods of diagnosis. 

The second kind of measurement involved in heat changes has been called 
heat capacity . If we are only concerned with one kind of substance this is 
proportional to mass. The relation of mass to thermal equilibrium is shown 
by tlie time taken for a body to cool and the final temperature reached 
when substances at different temperatures are mixed. The time taken 
for a reservoir to empty depends on its capacity, that is to say the 
volume of fluid in it, and the illustration above (Fig. 295) shows that 
if two reservoirs of different capacity are connected the final level of water 
does not depend merely on tlie initial difference of pressure head. If the 
volume of water m the two reseiToirs is different, the same difference of 
pressure may produce different results according as the reservoir at higher 
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potential has higher or lower capacity. Whether we are dealing with heat 
or the flow of a fluid we thus find two classes of measurement which 
affect the end result. One, potentkli which is the temperature difference 
involved in a heat change, determines the possibility or direction of the 
change. The other, capacity, which is simply volume when we are dealing 
with the flow of a fluid, determines the time taken for the change to happen. 

As long as we are studying the times taken for different quantities of the 
same substance to cool or the final temperature reached, when different 
quantities of the same substance at different temperatures are mixed, the 
only thing which affects capacity for thermal change is mass. As long as we 
are dealing with the flow of one and the same fluid between two reservoirs of 
the same dimensions, the only thing which affects the final level or potential 
is the initial difference of height. If we want to calculate the result of mixing 
different substances at different temperatures we have to take into account 
the fact that a pound of iron is only equivalent to about one-ninth of a pound 
of water. So we make aU our masses comparable by introducing a standard¬ 
izing factor “specific heat” s, If we want to calculate the equilibrium between 
two reservoirs containing different fluids we have to take into account the 
fact that a water column 13 feet high is equivalent to a mercury column only 
1 foot high, and a column of water at the top of a mountain does not exert 
the same pressure as the same pressm'e head of water at the bottom of a 
mme. So we make all our measurements of height comparable by introducing 
two standardizing factors, density (d) and "g.” Thus standard pressure head 
or potential is hdg (p. 379). 

Q)rresponding, therefore, to the potential-capacity product which 
measures loss and gain of heat, the potential-capacity product which may be 
used as a measure of change in power to drive water out of a tanlr would 
be » X hdg. If m - mass, if x d = m, and the product is therefore kmg. 
We have already seen tliat this is the commonsense way of measuring work, 
since work done is greater or less according to the weight of the load (n^) 
and the distance (h) through which it is lifted. So if we are looking for a 
connexion between heat and mechanical activity, the product mgh suggests 
itself as a comparable measure of the latter. 

In the English system of weights and measures there are tv/o imits of 
force, and consequently two units of work. One unit of force is called the 
poundal, and is the force required to give a mass of one pound an acceleration 
of 1 foot per second per second. When falling freely to earth, a mass of one 
pound {m - 1) has an acceleration (g) of about 32 feet per second per second. 
Hence the pulling power of a suspended “weight” of one pound is approxi¬ 
mately 32 poundals. This is sometimes spoken of as a force equivalent to a 
pound might. Two British units of work are used alternatively. Taking one 
poundal as the unit of feree, the unit of work is one foot~poundaly U, ihQ 
work done when the point of application of a force of 1 poundal moves 
through a distance of 1 foot in the direction of the force. It is more usual to 
use foot-pound, it. the work done in raising a mass of one pound through 
1 foot against gravity, or the work done by a one pound “weight” in fallmg 
through 1 foot under gravity. The force is then 32 poundals acting over one 
foot. So 32* foot-poundals are equivalent to * foot-pounds (e.g. 24,900 foot- 
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poundals is approximately the same as 778 foot-pounds). In the international 
system, the unit of force is one dyne, A force of one dyne imparts an accelera¬ 
tion of 1 cm. per sec. per sec. to 1 gram. The unit of work, the erg, is the work 
done when the point of application of a force of one dyne moves through a 
distance of one centimetre in the direction of the force. Since g is approxi¬ 
mately 981 cm. per sec^ at sea-level, a weight of one Idlogram falling tough 
a metre performs 1,000 X 981 x 100 ergs. 

Just as' mechanical activity results in a rise of temperature, pressure on 
an elastic bag or on the piston in a cylinder may be used to expel a fluid, 



1^ mcdimal f 

eqvivdmt of ! 

I 

Worl: = nWd , I 

Hud =: ?n('t2-tj) ' ^ 


Fig. 298,~-Simi’Lihkd Diagram of Joule’s Apparatus to find the Mechanical 
Equivalent of Heat : 

The paddle creates heat by friction with the water in a cylinder. If m is the equivalent 
mass of water (i.e. weight of water + (weight of metal) X specific heat), t, the initial 
and h the final temperature,, the heat produced is m(tj - The work done by the 
falling weight W, if allowed to fall or made to rise times through a distance d, isnWd. 
The mechanical equivalent of heat is the ratio of the two. 


It does so by diminishing tlie effective content of the bag or cylinder. If 
the rise of temperature which accompanies friction is strictly comparable 
with the expulsion of a material fluid, mechanical activity must therefore 
exert its effect by lowering the tliermal content of the substances heated. 
In one of his earliest experiments Davy put this to a decisive teist. This te.st 
depends on tlie fact that heat must be supplied to change ice into water at 
the same temperature, i.e. the heat content of any mass of water is greater 
than the heat content of the same mass of ice. When two pieces of ice are 
rubbed together vigorously water is formed at the surfaces where friction 
occurs. Describing such an experiment, Davy says: 
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The fusion took place only at the plane of contact of the two pieces of ice, 
and no bodies were in friction but ice. From this experiment it is evident that 
ice by friction is converted into water and according to the supposition that 
heat is a material fluid its capacity is diminished; but it is a well-known fact 
that the capacity of water for heat is much greater tlian that of ice, and ice. 
must have an absolute quantity of heat added to it before it can be converted 
into water. Friction consequently does not diminish tlie capacity of bodies for 
heat. 

, Davy gave the communication in which these words occur the sub-title 
“caloric does not exist.” Theoretically there was now no obstacle to the 
recognition that a measurable amount of mechanical work is connected 



Fig. 297.—The Mechanical Equivalent of Heat 
Tube rotated quickly through 2 right angles (lead shot remains at, end of tube).. 
Wait a few seconds for lead shot to fall to the bonom of the tube. Tliis procedure is 
repeated, say, lOO times. If h is the height the shots fall, 

Potential Energy of shots at top of tube = mgh 

~ Kinetic energy of shots when fallen. 
This Kinetic Energy is used up in heating the shots. 

If initial temperature of lead shots is t and final temperature of lead shots is T and 
specific heat of lead shots isThen 

mj(T — r) = Heat generated, 

Total amount of Kinetic Energy used is 100 mgh. 

Mechanical Equivalent of Heat gpyjisappeared ^ JOOg^ 

Heat generated j(T - t) 

with a measurable quantity of heat as a measurable quantity of heat is con¬ 
nected with a fixed weight of food or fuel. The first accurate experiments 
which led to the determination of a fixed ratio of the heat product, i.e. 
7«f(T - f), to the work product {mgh) were not made till forty years later. 
A simplified form of the apparatus used by Joule in his experiments published 

in 1843 is shown in Fig, 296. Joule showed that the ratio . is 

heat produced 

constant, oneB.Th.U.beingapproximately equivalent to 24,700 foot poundals. 
Taking^ as 32 ft. per sec. per sec., this is the amount of work done in raising 
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772_lb. one foot, or 1 lb. 772 feet* In the international system 1 calorie is 
equivalent to approximately 42 million 
The accurate determination of this ratio has since been made with various 
methods, some direct, others indirect. A simple and direct one which gives 
remarkably constant results is to place a weighed amount {m) of lead shot 
m a closed cylinder of known length (Fig. 297). The cylinder is inverted 
quickly several times so that the shot falls vertically to the bottom each 
time through the length of the tube (h). If this is done « times the total 
work done is n{mgh). The temperature of the shot is taken immediately 
before and after. If the rise due to friction is and the specific heat of lead 
IS taken as 0-03, the amount of heat gained is t(0'03w). The mechanical 
equivalent of heat (work done — heat produced) is thsungh -r 0*031. 

THERMODYNAMICS AND THE NEWTONIAN SYSTEM 
Today we look upon Joule’s determination of the mechanical equivalent 
of heat as the cornerstone of “thermodynamics.” Thermodynamics, which 
has now superseded tlie mechanics of Newton, is the queen of theoretical 
science. The position it occupies was not won by discoveries made within 
the framework of the pre-existing social culture. The researches which led 
to the determination of the mechanical equivalent of heat were directly 
prompted by new social requirements, and the leaders of contemporary 
theoretical science were extraordinarily reluctant to explore their impli¬ 
cations. Indeed, the Royal Society refused to publish the greater part of one 
of Joule’s most epoch-maldng contributions. 

The mechanical science which Newton’s generation developed was not 
primarily concerned witli how power is generated. It derived its fimdamental 
principles from the “simple madiines,” i.e. devices like the lever, the pulley, 
and the inclined plane, for distributing the power supplied by human effort, 
and from the dock, which moves very slowly, generates very little heat by 
friction, tells us when to start work, but does not do our work for us. It was 
less concerned with movement on our own earth, as when the motor engine 
gets over-heated by the moving contact of solid matter, than with move¬ 
ments of celestial bodies tihrough empty space. In contradistinction to thermo¬ 
dynamics which deals with the relations of different types of change in the 
physical world, Newton’s mechanics was parochial. Its measurements were 
restricted to motion. It did not concern itself with the measurement of 
systems which have other characteristics-light, heal, electrical changes, or 
chemical combination—and it did not deal with the interc o nnexions of 
measurements appropriate to systems which exhibit them. In Newton’s 
time the primary sources of inanimate power, wind and the flow of water, 
had not made friction an important technical problem. 

Newton approached the problems of mechanical equilibrium from the 
standpoint of the means adopted rather than the total result achieved. That 
is to say, the primary unit of mechanical measurement was/orce rather than 
work. Thermodynamics is the system of mechanics in which all equations 

* According to the best modem determinations one B.Th.U. is equivalent to 778 
work, or about 26,000 footrpoundals taking the more accurate value 

of 32-2fori'. 
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of mechanical equilibrium are based on the equivalence of heat, mechanical 
and other changes expressed as the product of two measurements, a potential 
and a capacity. In Newton’s mechanics all the emphasis had been laid on 
the measurement of potential. Tha difference between the Newtonian stand¬ 
point and the modem outlook may be seen by taking the principle of the 
lever as an example. The condition of equilibrium is wd--=W (p. 246). 
This may be expressed by saying the “force of gravity” acting on each 
weight is inversely proportional to the distances separating them from the 
fulcrum. Alternatively we may translate it by saying that no work has to be 
done to produce a slight displacement (see p. 249), since the work done on 
and by the system balances. 

It might seem that this is merely a matter of words, as indeed it would 
be if the principle of the lever were the only principle of mechanics mid if 
the only kind of motion which is important to measure were the rnotion of 
planets through the vacuum of space. Actually we live in a world in which 
wastepaper falls towards the centre of the eartli at a demonstrably slower 
rate than a cannon ball. Its retardation is not associated with buoyancy, but 
with the large surface it presents to the air. In Newtonian mechanics the 
surface offered resistance to another “force,” the force of friction. Similarly 
the fact that nothing we ever see moving on earth continues to go on moving 
for ever in a straight line was squared witli the way in which Newton stated 
the principle of inertia by asserting that the actual environment in which 
it moves generates a force of friction which opposes its continued motion. 

You must not imagine that this was merdy an attempt to dodge the fact 
(hat wastepaper falls more slowly than cannon balls, or that the best billiard 
balls do not go on for ever moving in a straight line on the smoothest billiard 
table in existence. Newton and liis followers carried on experiments to 
estimate the loss of effective gravitational acceleration on account of surface, 
and showed how it varied with the speed as well as with the surface area 
of a moving body. They estimated how much gravitational acceleration a 
body supping down a slope loses on account of the roughness of the surface 
by his limiting angle of tilt at which any motion will begin. So likewise 
Newton’s mechanics represented a rotation^ movement like that of a fly-wheel 
as the action of a couple, i.e. two equal forces acting in opposite directions at 
equal distances on either side of ±e axle, as in the problem discussed on 
p. 663 in connexion with the deflection of a magnet. Newton’s mechanics did 
not deal with the heat of the boiler which gives the axle the power to move, 
The difference between Newtonian mechanics and the system of mechanics 
which has more or less replaced it lies in this. Newton and Galileo did not 
seek to relate the memrement of motion Xs the measurement of the heat 
prated when motion is stopped. Though they knew as well as we do that 
heat always accompanies “Action,” they did not clearly realize that the 
production of heat is what decides the loss of work potential or force when, 
as they would say, a force of friction is acting. Still less did they see that 
there might exist a numerical equivalence of mechanical activity lost and 
heat produced if both are measured in the right way. 

Imagine a car weighing two tons when put into neutral gear at SO miles 
an hour (44 ft. per sec.) and running to a standstill after covering 200 yards 
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(600 feet). In Newton’s mechanics the inertia of the car is opposed by a 
force of friction which is measured by the product of its mass 2 tons (or 

4,480 lb.) and an acceleration in the direction opposite to its motion. Tins 
acceleration is (velocity lost)(time taken). The velocity lost is 44 feet 
per second. The time taken is (distance traversed) -f- (mean speed). Since 
the distance ran is 600 feet at a mean velocity -|(44 -f 0) = 22 ft. per sec., 
the time which elapses is 600 “■ 22 seconds. So the acceleration is: 

44 x 22^ 

- ft* pet sec. per sec. 
and the “force of friction” is 

4,480 X 44 X 22 
-- ’ftio-po^dals 

*1 his^ is the force required to stop the car. Having found it, Newtonian 
physics can only show how it is connected with the geometry of the environ¬ 
ment in which the car moved. 

Thus we may begin by dissecting it into “forces” which arise from the 
contact of the car with the air, with its bearings, and with the surface of the 
road, We may, for instance, connect the air resistance with the shape of the 
car by experimenting at the same initial speed over the same stretch, and 
since our object is to encounter the least resistance, we might use the informa¬ 
tion to get the best stream-lines. The friction of the bearings, road, and tyres 
arises from die shape and material of the solid surfaces at which movement 
occurs. Friction along rough surfaces was measured in Newtonian mechanics 
by applying the principle of die indined plane. According to the principle 
of inertia a body should move downwards if the surface on which it lies is 
tilted to the least extent from the horizontal position. Actually it is necessary 
to tilt it through an angle a before it begins to slip down. The force of 
its descent would (p. 257) then be m§ sin a, if there were no friction, and 
since it does not move till it has reached the position in which gravity exerts 
this pull down the plane, we may take the three itself as a measure of the 
greatest frictional resistance in such circmnstances. 

So far as it goes this device is a useful one. It breaks down when we need 
a balance-sheet of the running costs of a car. We are then forced to adopt 
the alternative standpoint, implied in the statement that mechanical “energy” 
has been converted into heat, To measure the mechanical activity which has 
been lost, we have to consider what work would have to be done to keep up 
motion at the same rate, i.e. bring the speed from 0 to 44 ft. per sec. over a 
distanceofbOOfeet. This would mean accelerating at (44 X 22) -f 600 ft. per 
sec. per sec. The force required would be 


4,480 x 44 x 22 

— m — 


So the work done in British units would be 


X 44 x 22 

tioo — 


X 44^foot-poimdal5 
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Thus you will notice that Imv^ represents the number of units of work 
which disappear when the velocity of a body of mass m changes from v to 0 . 
Since 778 x 32 or about 25,000 foot poundals represent 1 B.Th.U., this 
means that the amount of heat generated is 


or in calories 


4,480 X 442 
2 X 26,000 


B.Th.U 


4,480 X 442 X 262 
2 X 25,000 


This heat ( 5 ) which corresponds to the mechanical activity gained in bringing 
tlie speed of the car from 0 to 30 m.p.h. comes from the combustion of a 
measurable quantity of petrol If we Icnow how much heat (Q) the com¬ 
bustion of the same quantity of petrol produces when no mechanical work 
is done, we know what fraction {q -r Q) of the petrol is used up in producing 
mechanical activity. This fraction is called the Efficiency of the engine. 
The fraction of fuel (Q ~ g) -f- Q which does not result in doing honest 
work is used in heating up the engine, and represents the wastage, 


KINETIC ENERGY AND MOMENTS OF INERTIA 
In the numerical example Just given it was noticed that the work done 
in imparting a velocity 0 to a body of mass m moving in a straight line is 
That this is generally true is easy to see. The work done by the force 
(F) applied to achieve tlie result over the distance d through which the 
body is impelled by it is Fd. If the acceleration imparted is a, this is m.a,d. 
The distance d is the same as the distance through which it would move 
at uniform velocity equivalent to its mean velocity over the period. The 
mean velocity = -|(o + 0) = Hence d = and 

V .d=tn^a.d~m.ci.^t 

In the time t taken to move through a distance d starting with zero velocity 
the velocity gained is ®, and the acceleration (a) is v -f so that 

F.d = |»io* 

The possibility of making a balance-sheet of heat and work means that 
this quantity (called the fctic energy of a moving body) represents the 
work done in making a body at rest acquire a velocity 0 , if no heat is produced 
in its motion. It is also the work which could be done if no heat were lost by 
a body moving with velocity v in the interval during which its motion is 
being arrested. For instance, if a mass of one hundredweight (112 lb.) 
moves with a velocity 10 ft. per sec., its kinetic energy is 

112 X 100 

—Y—™ 5,600 foot-poundals 

If ho heat were produced it could draw up a weight of 10 lb. through a 
height of about 17| feet, since the work done in raising 10 lb. through a 
vertical distance 17-| feet is roughly 10 X 32 x 17|- = 6,600 foot-poundals, 
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Motions of this kind are rare. So the expression Imv^ for the kinetic energy 
of a moving body is not of much practical use as it stands. However, it can 
be readily adapted to other problems which have to be solved in engineering. 
For instance, we can adapt it to the problem of how much “energy” is 
stored in a flywheel when spinning at a particular speed. Here we have to 
deal with motion in a curved path. The legend of Fig. 298 shows you that 
a mass tn rotating at the end of a string (or thin spoke) of negligible weight 
and length r has a kinetic energy 



The kinetic energy of a flywheel can be regarded as the sum of the kinetic 
energies of all the particles of which it is made up. The kinetic energy of each 



Fig, 298.—Kinetic Energy of a Smail Rotating Weight 
If a compact body of mass m rotates at fixed speed s at tlie end of a piece of string of 
length r, making one revolution in T seconds, 

. . s^EttTtT 

If the string is cut, the body continues in a straight line with velocity r, numerically 
equivalent (p. 272) to its former speed, along the tangent grazing its circular path 
where it was when set free. If it moves in a straight line wMi velocity s, its kinetic 
energy is iws*. Since no additional energy is imparted to it, tliis must also be the 
kinetic energy which it has at any point on its circular path. Thus its kinetic energy is 



of these is half the product of two quantities (a) the square of 27r -f T, in 
which T is the time of a complete revolution, and (b) mr^. So the total kinetic 
energy is half the product of the quantity (a), which is fixed by the speed 
of rotation, and the sum of (&). The sum of alMe quantities (b) is called 
[see Fig. 299 (a)] the moment of inertia of the bo(f about some specified axis 
of rotation. It depends on its shape and on the axis chosen. If we can describe 
its shape in geometrical terms we can calculate the momkt^ of inertia of any 
object, and hence its kinetic energy at any given speed of rotation, 
u.' ■ 
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It is easier to do this for a longj thin bar. Wc shall first see how its moment 
of inertia is calculated before tackling the more difficult case of the flywheel. 
A bar may be looked on [see Fig. 299 (b)] as if it were made up of thin slabs 
of equal volume, or, what comes to the same thing and is more simple to 
deal with, a string of beads whose consecutive centres are one unit of length 
apart. If the bar swings about an axis through its centre, and each of the n 
bead units of mass on dther side of the axis weighs m grams, the total mass 



. i 2 3 4 5 6 7 

Fig, 2ft9.—MoMi!HTS of Inertia 

The total kinetic energy of the two particles of mass m, and Wj (a) at distances 
and r, from the axle of a rotatitig bar is 

For any number of particles it is 

MwifiM-m/aH wfjra’... ][y J 

The quantity + WjfaH Wa»‘ 3 * • . .] is called tlie Moment of Inertia (I), 
and only depends on its shape. How I is calralated for a bar (i) or a disc (d) like a 
flywheel is explained in the test. 


is 2 mn = M, the mass of the bar, and the moment of inertia on each side of 
theaxis is 

(?« .1® -f- m . 2® -[* m . 3“ . . . + /«.«”) 



Or on both sides together 

2ff/(P-|- 2®-KSa. . 

Since the sum of the squares of the first n natural numbers is 

and since we can regard n + 1 and 2n + 1 as equivalent to n and 2k when 
n is very large, i.e, when the unit of length, and hence the mass of each 
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particle is very small, the last expression can be taken as the same as a” -• 3; 
so the moment of inertia (I) of the bar is 2mn^ ~ 3. Since M the mass of the 
bar is 2nm, and 2k is the number of units of length, i.e. L, this may be written 
^ML\ and the kinetic energy of a bar of mass M rotating about a centre 
L units of length from eitlier end is tlierefore 



We can imagine the particles of a simple flywheel arranged in discs one 
particle thick, closely packed. If the particles of each disc are arranged in 
concentric circles packed as tightly as possible, there will be approximately 
27TK particles in any circle separated by n particles in a straight line from 
the centre. If there are R concentric circles, the total number of particles is: 

277(1 + 2 -I- 3 . . . -1- R) 

Since the sum of the first R natural numbers is |-R, (R +1), the previous 
expression is equivalent to ttR . (R + 1). If the unit of mass is the mass 
of one particle, the total mass of all the particles of a disc one layer thick is 
also ttR . (R + !)• If the unit of distance is the distance between the centres 
of two particles, the R concentric rings fill up a space boimded by a circle 
whose radius is R units of distance. So R stands for the radius of the disc. 
In any ring separated by n particles from the centre, we have 27r« units 
of mass separated by k units of distance from the centre of rotation. So the 
moment of inertia of the ring is Mk® = 27rK®. Thus the moment of inertia 
of aU the R rings which make up the disc is 

27r(l® + 2H3® . . . + R^) 

The sum of the cubes of the first R natural numbers is 
■ iR>»(R + l)« 

So the moment of inertia of the disc is 

: |R2(RH-l)a = 77R(R + l).|R(R + 1 )=*|r(R + ^ . 

If R is very large, R + 1 does not differ sensibly from R. So the last expres¬ 
sion is equivalent to |MR^; and the kinetic energy of the disc is 



All that has been said applies equally to a disc of any thickness. Taking 
(27r)^ as approximately 40, the Wnetic energy of a flywheel of uniform 
thickness, mass M and radius R making one revolution in T seconds is 

10MR«-rT2 
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If a flywheel of mass 1 cwt. (112 lb.) and 3 feet radius spins at 400 revs, 
per min. 

T - 60 “ 400 = 0-15 secs. 

So its kinetic energy is 

10 X 112x9 -r(0‘15)2 
= 448,000 foot poundals 

The actual work done in raising a weight of 1 ton tlirough 6| feet is 

2,240 X 32 X 6’26 = 448,000 foot poundals 

If the flywheel spins in a closed space from which no heat could escape, the 
heat produced when all motion had stopped would be 448,000 ~ 26,000= 18 
B.Th.U. (approx.). This would raise 1 lb. of water through 18'' F., or 10'’ C. 
At room temperature it would bring to the boil about 60 grams of water. 


THE RATIONAL COSTIJJG BASIS OF HUMAN VraiFARE 

Thus the substitution of work for force as a measure of mechanical activity 
enables us to complete the balance-sheet of running costs, and form a clear 
picture of what economical power production involves. For instance, all 
the fuel which is used in the steam engine to bring water from the temper¬ 
ature of the air to the temperature at wMch it boils is sheer waste, eliminated 
in the internal combustion engine, which uses the increase of volume accom¬ 
panying the oxidation of gas or petrol as a direct source of power. High 
efficiency of the steam engine itself implies keeping the cylinder as hot as 
possible, and returning the water from the condenser to the boiler without 
lowering it appreciably below boiling point. 

The history of the steam engine illustrates how “pure” and “applied” 
science are mutually dependent. We have seen how Black's work stimulated 
Watt. In its turn the rapid advance of steam technology revolutionized the 
principles of physics, in spite of considerable inertia due to the prestige of 
Newton’s methods during the long interval which elapsed between the work 
of Lavoisier and the first determination of the mechanical equivalent of heat. 
In his admirable book British Scientists of the Nineteenth Century^ Crowther 
sums up the position at the time when Joule began his work in the following 
passage: 

In 183S the words “energy” and “work” did not have the same meanings as 
tliey liave today. Young had defined “energy” as one-half of the mass of a moving 
object multiplied by the square of its velocity. He regarded it mainly as a mathe¬ 
matical function that assisted iu the solution of problems in Newtonian 
mechanics. The theory of mechanics developed by Galileo and Newton was 
based on the study of the motion of comparatively unresisted objects, such 
as heavy bodies through air, or planets through empty space. As their formulae 
had been derived from a study of motions that do not commonly occur on the 
surface pf the earth they had a sort of disembodied quality, and when they 
happened to apply to such motions, the application was felt to be accidental 
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rather than real. The Newtonian mechanicians were also familiar with the idea 
of “work” as the product of force and distance, but again mainl y as a mathe¬ 
matical function. . . . They used this mathematical equivalence for solving 
the problems of frictionless motion. The idea of "work” as the product of the 
distance multiplied by the mean resistance overcome, and hence as a funda¬ 
mental measure of mechanical action, did not come from the study of celestial 
motions, but from entirely different sources. This was natural, because no one 
was interested in the “energy” or vis viva of the planet Mars, for example, 
except as’ a mathematical function that assisted the solution of problems of 
solar motions. It was not necessary to evaluate the “energy” of Mars in units 
because the symbols |Mj;“ melted away in the process of mathematical trans¬ 
formations of equations. A knowledge of the “energy” of Mars is of no use 
except in tlie solution of mathematical problems. It has no direct financial 
value. . . . The introduction of the steam engine for pumping and factory¬ 
driving gave mechanical action commercial value. The industrial notion of 
“work” was of something that determined the quantity of production. An 
exact measure of “work” was essential to the foundation of trading in mechanical 
power. Machine industry naturally arrived at a conception of work in terms of 
gallons of water raised so many feet in such and such a time, or of foot-pounds 
per minute. This was a tangible, saleable commodity entirely different from the 
abstract conception of the Newtonian “work” done by the moon when it fell 
tlirough a certain distance. The “work” of Newtonian mechanics and the 
“work” of industrial engineers obeyed the same algebraical laws, but the 
constellation of other ideas respectively associated with them was profoundly 
different. The engineers described as “accumulated work” what is now familiar 
as energy. They considered the work spent in overcoming friction as the 
measure of mechanical power annihilated. 

Before the first determinations of the mechanical equivalent of heat, the 
requirements of steam technology had already emphasized the need, for 
a new approach to the measurement of mechanical processes. Watt, whose 
engines were now required to do work previously carried out by animal 
power, carried out experiments with horses. These experiments showed that 
a horse pulled a 160-lb. weight suspended from a pulley upward ftom a 
coalpit tkough 220 feet in 1 minute. He decided, therefore, to use as a 
unit of the rate at which an engine works the power to raise 160 lb, through 
220 feet in 1 minute. This unit is called the horse power. A force of about 
160 X 32 poundals is required to raise 150 lb. against gravity, and the work 
performed over 220 feet is, therefore, about 160 X 32 X 220 British work 
units (foot poundals). One horse power represents a working rate of about 
160 X 32 X 220 foot poundals per minute. 

Horse power must not be confused with efficiency. It measures how 
quickly we are converting fuel into mechanical activity, and not the proportion 
of fuel which is used to produce mechanical activity. An illustration will 
malte this clear. If we are told that the efficiency of a 10-h.p. automobile 
engine is 20 per cent, and that the combustion of 1 gallon of petrol produces 
144,000 B.Th.U., these figures suffice to enable us to calculate how long it 
will take the car to consume any quantity of fuel. The efficiency tells 
us that I X 144,000 = 28,800 B.Th.U. stands for mechanical work per 
gallon of petrol. The mechanical equivalent of heat tells us that this is 
28,800 X 25,000 foot poundals. The horse power teUs us that 1,500 X 32 X 220 
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foot poundals are used up in one minute. So the time for which the engine 
can run at full power on one gallon is 


28,800 X 25,000 
1,600 X 32 X 220 


= 68 minutes (appros.) 


Forty years after Davy’s experiment on melting ice (p. 603) physicists 
trained in the Newtonian traction were still reluctant to relinquish the 
“peculiar elastic fluid,” The first attempt to make a balance-sheet of heat 
produced as measured by the product and work done (mgh) 

in producing it by mechanical activity, was attempted by a French engineer, 
Sad Carnot. In 1826 Carnot published the first theoretical contribution to 
the efficiency of the steam engine. Though he did not actually renounce die 
caloric in this memok, Carnot introduced a criterion of efficiency which 
implies the existence of a measurable relation between heat and work. Perfect 
efficiency according to Carnot’s view was reversibility. If a mechanical agency 
were applied to drive the piston backwards the heat produced in compressing 
the gas should be just the same as the heat used up in producing the gas which 
drives the piston outwards in the ordinary course of events. If less heat is 
produced when the engine is made to work backwards by applying an external 
force, some of the fuel consumed in normal worldng is used to produce heat 
wliich is a dead loss. 


Though Carnot himself made no attempt to assess the actual efficiency 
of the steam engines in use, he made some estimates of the heat-work ratio 
in ordinary friction. These were not published till the importance of his 
memoir was recognized about half a century later. Meanwhile a German 
biologist Mayer, karting from the similarity of combustion and respiration 
established by the experiments of Crawford and Lavoisier, had calculated 
what we now call the mechanical equivalent of heat from physical data which 
me already in existence. To determine the specific heat of a substance it 
is necessary to heat it. If it is a gas this means that it will expand when free 
to do so. If the volume is kept constant it will generate pressure in excess 
of what is exerted by the surrounding medium. The amount of heat required 
to raise a gas to a given temperature, if it also does work (e.g. on a piston) 
by expanding, is greater than the amount of heat required to raise it to the 
same temperature when its volume is kept constant. At constant volume no 
heat is _ being replaced by mechanical work. So the specific heat of a gas 
wliich is not allowed to expand is less than that of the same gas when it 
is free to do so. From Bo 5 'le’s law it is easy to calculate (see appendix to this 
chapter) the work done when a piston is driven out by a measured increase 
of gaseous volume, and Charles’ Law tells us the increase of volume per 
degree. The work done when a gas is free to expand without increase of 
pressme by raising its temperature through 1 degree centigrade can thus 
be estimated. The extra heat which disappears when work is actually done 
can also be calculated from the ratio of the specific heats at constant volume 
and constant pressure. 

Mayer stated his^ conclusion that a fixed equivalence of heat and work 
exists in the following passage in a paper published (1842) in a chemical 
)ournal: . ■ ^ 
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By applying tlie principles wliich have been set forth to the relations sub¬ 
sisting between the temperature and the volume of gases, we find that die sink¬ 
ing of a mercury column by which a gas is compressed is equivalent to the 
quantity of heat set free by the compression; aud hence it follows, die ratio 
of the capacity for heat of air under constant pressure and its capacity under 
constant volume being taken as 1*421, diat the wai*ming of a given weight of 
water from 0“ to T C. corresponds to the fall of an equal weight from the height 
of about 366 metres. If we compare with diis result the worldng of our best 
steam-engines we see how small a part only of the heat applied under the boiler 
is really transformed into motion or die raising of weights; and this may serve 
as justification for the attempts at the profitable production of motion by some 
otiier method than the expenditure of die chemical difference between carbon 
and oxygen—more particularly by the transformation into motion of electricity 
obtained by chemical means. 

At Manchester his contemporary James Prescott Joule was engaged in 
assessing the relative merits of power production by coal and the only source 
of electric airrent used at that time. A year before the publication of Mayer’s 
paper he had written: 

With my apparatus every pound of zinc consumed in a Grove’s battery pro¬ 
duced a mechanical force (friction included) equal to raise a weight of 331,400 lb. 
to the height of 1 foot, when the revolving magnets were moving at the velocity 
of 8 feet per second. Now the duty of the best Cornish steam-engine is about 
1,600,000 lb. raised to the height of 1 foot by the combustion of a pound of 
coal, which is nearly five times the extreme duty that I was able to obtain 
from my electro-magnetic engine by the consumption of a pound of zinc. This 
comparison is so very unfavourable that I confess I almost despair of the success 
of electro-magnetic attractions as an economical source of power, for although 
my machine is by no means perfect, I do not see how the arrangement of its 
parts could be improved so far as to make the duty per pound of zinc superior 
to the duty of the best steam-engines per pound of coal, And even if this were 
attained, die expense of the zinc and ffie exciting fluids is so great, when com¬ 
pared with the price of coal, as to prevent the ordinary electro-magnetic enghie 
from being useful for any but very peculiar purposes. 

Having determined the mechanical equivalent of heat, Joule found that 
the combustion of one pound of coal produces heat equivdent to 9,584,206 
foot pounds in work units, Most Cornish engines of his, time then realized 
about 1,000,000 foot pounds of actual work per pound of coal burned, 
Hence tiiey realized offiy “one-tentli of the vis viva due to the combustion 
of coal,” On comparing this figure with animal work, he found that a horse 
eats 12 lb. of hay and 12 Ib, of com for an average day’s work of 24,000,000 
foot pounds. “From our own experhnents on the combustion of hay and 
corn in oxygen gas,” he wrote in 1846, “one quarter of the whole amount 
of nw wioa generated by the combustion of food in the animal fi:ame is 
capable of being applied in producing a useM mechanical effect—-the 
remaining three-quarters being required in order to keep up the animal 
heat,” 

The sodal context of Joule’s work, set forth with vivid detail in Crowther’s 
illuminating essay, emphasizes both sides of the two-fold relation of scientific 
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tlieory and social practice. The new standard of engineering efficiency which 
Joule introduced has revolutionized the design of the heat engincj and 
abundantly justified his own assertion that “nothing is more expensive 
than the endeavour to stumble blindly on an improvement or invention.” 
Conversely it provides a dramatic demonstration of the fact that great 
theoretical developments arise in response to the requirements of everyday 
lifcj and occur when the scientist is in close contact with the world’s work. 

Joule’s relation to the social life of his period is characteristic of the 
leaders of English science at the time. Like Davy and Faraday, he was not 
a university man. Like Priestley and Dalton, he had no officid connexion 
with the teaching work of the universities, which were at that time closed 
to Nonconformists, Jews, and Catholics. These men were representatives of 
a new social culture. The condition of the established order may be gauged 
from a pamphlet written by Babbage in 1831. An incident recounted in 
Babbage’s book The Economy of Matmfactum (1832) is illuminating: 

The Duke of Sussex was proposed as President of the Royal Society in 
opposition to the wish of the Council—m opposition to the public declaration 
of a body of Fellows comprising the largest portion of those by whose labours 
the character of English science had been maintained. The aristocracy of rank 
and of power aided by such allies as it can always command, set itself in array 
against the prouder aristocracy of science. Out of about seven hundred members 
only two hundred and thirty balloted; and the Duke of Sussex had a majority 
of EIGHT. Under such circumstances it was indeed extraordinary that His Royal 
tiighness should have condescended to accept tire fruits of that doubtful 
and inauspicious victory. The circumstances preceding and attending this 
singular contest have been most ably detailed in a pamphlet entitled A State¬ 
ment of the Circumstances connected with the late Election for the Presidency of 
the Royal Society) 1831. 

Crowther .recalls tlie comment made by Joule when the Royal Society 
refused to publish his first paper. “I was not surprised,” he saii ‘T could 
imagine those gentlemen in London sitting round a table and saying to 
each other: what good can come out of a town where they dine in the 
middle of the day?” Reference has already been made to the cultural life of 
Manchester at the begmning of the nineteenth century in another context (page 
419). Living in Manchester during the years when Joule was mvestigating 
and expressing his views in public lectures was one man who realized that 
the physical principle, so tardily recognized by Joule’s scientific contempor¬ 
aries, had an ulterior significance m human affairs. Engels, a prosperous 
Manchester business man, who had lately completed The Condition of the 
Working Class, welcomed the "work” concept as the beginning of a new 
chapter in the history of human knowledge, and as the only rational basis 
for costing the relation of natural resources to the common needs of mankind 
in a rationally planned economy of human welfare. His views attracted little 
notice at the time. 

“The comprehensive human imagination,” says Crowther, “could not be 
nourished by Joule’s discoveries because they sprang from poisoned social 
sources. They arose out of studies of engines that had been appropriated to 
the creation of private wealth mstead of an increase of human dignity.” 
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Indeed, the sociological implications of the energy balance-sheet, like 
its biological significance, was recognized before physicists began to appre¬ 
ciate its value. During tlie period when English scientists were most keenly 
alive to the social basis of scientific advancement. Sir William Petty, one 
of the founders of the Invisible College and an original Fellow of the Royal 
Society, wrote (Treatise on Taxes and Contributions, 1662): 

Our Silver and Gold we call by several names, as in England by pounds, 
shillings, and pence, all which may be called and understood by either of the 
three. But that which I would say upon this matter is, that all things ought 
to be valued by two natural Denominations, which is Land and Labour; that 
is, we ought to say, a Ship or garment is worth such a measure of Land, with 
such another measure of Labour; for as much as both Ships and Garments were 
the creatures of Lands and mens Labours thereupon. 

Benjamin Franldiii,* who founded the first American Academy on the same 
model, wrote in the same sense: 

As silver itself is of no certain permanent value, being worth more or less 
according to its scarcity or plenty, therefore it seems requisite to fix upon 
something else more proper to be made a measure of values, and this I take 
to be labour. 

The immediate mfluence of Watt’s experiments on sociological discussion 
is seen in the following citation from Robert Owen’s Report to the County 
of Lanark written m 1817. It contains a more explicit statement of the 
views which Engels’ collaborator called the Labour Theory of Value; 

That the natural standard of value is, in principle, human labour or the 
combined manual and mental powers of men called into action. . . . And that 
it would be liighly beneficial, and has now become absolutely necessary, to 
reduce tliis principle into immediate practice. ... It will be said, by those 
who have taken a superficial or mere partial view of the question, that human 
labour or power is so unequal in individuals, that its average amount cannot 
be estimated. . . . Already, however, the average physical power of men as 
well as of horses (equally varied in the individuals), has been calculated for 
scientific purposes, and both now serve to measure inanimate powers. ... On 
the same principle the average of human labour or power may be ascertained; 
and as it fonns the essence of all wealth, its value in every article of produce 
may also be ascertained, and its exchangeable value with ^ other values fixed 
accordingly, the whole to be permanent for a given period. . . . Human 
labour would thus acquire its natural or intrinsic value, which would increase 
as science advanced; and this is, in fact, the only really useful object of science. 
. . ,*To recreate and extend demand in proportion as the late scientific im¬ 
provements, and others which are daily advancing to perfection, extend the 
means of supply, the natural standard of value is required. ... To make 
labour the standard of value it is necessary to ascertain the amount of it in all 
articles to be bought and sold. This is, in fact, already accomplished and is 
denoted by what in commerce is technically termed “prime cost,” or the net 
value of the whole labour contained in any article of value—the material con¬ 
tained in or consumed by the manufacture of the article forming a part of the 
whole labour. 

* Cited from Crowtber’s American Men of Science, 

U* 
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THE ESSENTIALS OF THERMODYNAMICS 

Let US now sum up the change of scientific outlook which followed the 
Industrial Revolution. Primitive science classified changes which occur 
in the world by the effects they produce on our sense organs, and apostro¬ 
phized the source of such changes by agencies such as light which we see 
with our eyes, heat which we feel on the skin, sound which we hear with 
the ears, 'll^ere the sense organs failed to trace out the sequence of change 
in the physical world, an earlier, purely animistic, view dominated the 
science of classical antiquity. Chemical changes were assigned to “spirits,” 
the activities of organisms to “will,” “entelechy,” and the hire. Mechanical 
changes (i.e. movement from place to place) produced by slave labour, or 
that of animals, received little attention. While Aristotle’s doctrine that 
some men are bom to work and others to enjoy leisure prevailed, there was 
no social urge to make an inventory of resources for diminishing irksome 
labour. 

In the transition period of the seventeenth and eighteenth centuries 
various social influences conspired to emphasize the interconnectedness of 
all natural phenomena. The world was outgrowing Aristotle’s sociology as 
it had already outgrown Aristotle’s mechanics. In civilized countries human 
life was no longer as cheap as it had been in the civilizations of antiquity. 
The growth of an economy relying more and more on mechanisms which 
do not depend on the labour of human beings or beasts of burden demanded 
an understanding of how to produce mechanical changes in the most 
economical way. In growing out of Aristotle’s mechanics and Plato’s astronomy 
science had also outgrovra their idealism, A more materialistic outlook 
among men of science was not propitious to the survival of spirits^ and the 
discovery of a third state of matter banished spirits from the realm of 
chemistry altogether. The growth of esperimentd technique side by side 
with increasing reliance on mechanism m social life made it more and more 
clear that the agencies to which we assign specific changes in one or other 
of oiu sense organs are not so distinct as they seem to be. 

For instance, a source of “light,” e.g. a daylight lamp, can be recognized 
without exerting any direct effect on our eyes. It can produce chemical 
change in a photographic plate. It can raise the temperature of a thermometer 
bulb coated with lamp blaclt. It can direct the movements of an insect, and 
force the green plant to manufacture starch. So soon as we measure “heut” 
we abandon the skin sensations of hot and cold and substitute a purely 
mechanical criterion—tlie length of a column of mercury. Though we usually 
detect this by using our eyes, it would be quite easy (if ’iVe were blind) to 
construct an apparatus to register increase in temperature by the ringing 
of a bell.* Experiment teaches us that sound is the way in which one of the 
sense organs detects mechanical movements of a certain type. We can 
recognize the same movements with our eyes by strewing lycopodium powder 
in an organ pipe, 

* As Mr. Chesterton sings: 

“A man eats clocks in Camberwell j 
A man plays billiards in the dark 
Entirely by the sense of smell; 

,. . But cases of that kind are rare,” 

\ 
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A most important signpost in this change of outlook was the study of 
combustion, which occupied so much attention in the age of coal power. 
Flame was no longer something. It had come to he recognized as one of the 
ways in which our sense organs detect the complex type of changes wliich 
we call chemical, affecting several of our sense organs in a variety of ways; 
and it had become important to measure how much flame can be got from 
a definite quantity of fuel. When we say that light, heat, sound, electricity, 
or motion are forms of “energy,” or that a lamp, a hot bottle, a coiled spring, 
a loud speaker, or a dynamo, ate sources of energy, we mean more than the 
fact that we recognize light by its effect upon a green plant as well as its 
effect upon our eyes, heat by the length of a column of fluid as well as by 
our finger tips, sound by the depth which the recording needle of a gramo¬ 
phone makes on the unfinished record, or an electric current by the movement 
of a magnet, chemical decomposifion, and the heating of a wire. Besides 
this we mean that all the changes whidi occur in the world, Imoever th^ may 
he detected by our senses, are related in a way which we can measure, if we 
choose the right way of estimating the amount of change. This relation is 
embodied in the two principles called the Conservation and Degradation 
of Energy. 

The Law , of the Conservation of Energy or the First Law of Thermo¬ 
dynamics, which is the common principle of all the natural sciences, is usually 
expressed by saying that when energy is destroyed in one form, it appears 
in a corresponding quantity in another form. This is a metaphorical way of 
stating that in any sequence of changes which occur in nature, the amount of 
each of them is related to that of its predecessor in a fixed proportion. In 
other words, we can make an inventory of the resources of mankind for 
pHminating foe necessity of physical labour. In foe laboratory foe important 
steps which established foe principle were: 

(a) Black’s discovery of the Latent Heat of change of state, i.e. that a 
source of heat can produce physical change without rise of temper¬ 
ature. 

(b) The discovery of the nature of combi^tion. Crawford, and after 
him Lavoisier and Laplace, showed that animal heat or foe heat of 
a rnnHIff flame alike bear a constant relation to foe amount of oxygen, 
food, or wax used up. 

(c) The determination of foe mechanical equivalent of heat by Carnot 
' about 1824, by Mayer, and more exactiy by Joule in 1841. This 

provided an exact theoretical basis for designing foe heat engine. 

The principle of the Conservation of Energy (sometimes called the First 
Law of Thermo-dynamics) shows us how to make an inventory of foe social 
efficiency of man’s command over nature. A human being is a source of heat, 
of mechanical activity, and of foe manufacture of new materials. There exists 
a fixed relation between a given quantity of all three and foe disappearance of 
a given quantity of oxygen in foe body. This is what we mean when ce say 
that a diet must contain foe equivalent of so many Calories for an invalid, 
or so many Calorics for man doing hard manual work, and so many Calories 
for a nursing mother. The law prescribing that a cubic foot of gas must be 
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equivalent to so many thermal unih (calories on the Continent) is based on 
the same equivalence. The fact that so many units of mechanical work (e.g. 
tlie rotation of a system of wheels) correspond to so many units of heat means 
that if we use a certain quantity of heat to drive an engine we know the 
greatest possible amount of work which we can get out of it. If M is the 
mechanical equivalent of heat (in ergs per calorie), and W ergs of work are 

W 

performed, the amount of work done is equivalent to ^ units of heat 

(calories). If the quantity of coal or petrol consumed is equivalent to H 
calories, the ratio of the amount of work done to the total source of energy 
used up is 

MH 

This is the efficiency of a heat engine, and the problem of economical design 
is to make this fraction as near as we can to unity. 

A special reason for measuring any odier kind of change in equivalait 
units of heat is that the destruction of any foiui of energy ultimately leads 
to the production of heat. If a source of light plays on a blackened surface, 
e.g. a thermometer bulb coated with lamp black, it produces no visible 
effect on the lamp black. As light it is destroyed. In its place the black 
surface has acquired “heat.” The mercury column shows that it is warmer, 
if the thermometer is a sensitive one. If a heavy wheel is set going and left 
to itself in a closed chamber from which heat cannot escape, it keeps going 
up to a point. However, the principle of inertia is only an approximate truth. 
The wheel eventually stops. In the mechanics of Newton this was expressed 
by saying that the inertia of the wheel is opposed by another force called 
Friction. This friction is only a name for the fact that the bearings and the 
air around the wheel are being heated up. By the time the wheel is brought 
to rest, a certain quantity of mechanical energy (“kinetic” energy) has been 
destroyed. If W units of mechanical work are required to stop the wheel, 
W 

^ units of heat will have appeared in the chamber by the time it stops. What 

will be the ultimate fate of the heat produced? In either of these situations 
we could conceivably use some of it to do mechanical work, but we know 
w my of amding a certain amount of leakage. 

In de^ng with heat it- is impossible to make a reservoir that does not 
leak. What happens when a lealr occurs? In the long run tlie temperature of 
the surroundings rises imperceptibly, and the temperature of the ther¬ 
mometer bulb or the closed chamber falls till it is the same as that of its 
surroundings. Thus we always seem to be losing a certain fraction of our 
resources for performing work. In the steam engine all the coal which is 
used to raise the temperature of the water to boiling point is so much waste 
of calories. When this gross waste is reduced to a minimum the fact remains 
that the best lubricated wheels get hot, and some of the Idnetic energy of 
the flywheel and every other wheel in a factory is being used to manufacture 
calories instead of calico. 

This imiversal “degradation of energy” in no way conflicts wiffii the state- 
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ment that energy cannot be destroyed. The first law of thermodynamics 
tells us how capacity to produce one sort of change is measurably connected 
with capacity to produce another. It thus tells us where there is a limit to 
our efforts in designing a perfectly efficient engine. Experience also assures 
us that we can never quite reach this goal. A heat engine is a device by which 
the difference of heat potential between the outside air and the boiler is 
converted into a difference of work potential, as when a weight is lifted. How¬ 
ever much trouble we talre to insulate the boiler or to lubricate all the bearings, 
the system is constantly losing heat. The atmosphere is becoming hotter 
and the same difference of heat potential is only preserved by using more 
fuel. Since no known object can for long maintain a fixed temperature in 
excess of its surroundings, it seems that tlie temperature of different parts 
of the universe, as we know it, is continually becoming more uniform, and 
tliat its ultimate fate is complete uniformity of temperature with the dis¬ 
appearance of all the changes which we distinguish as electrical, sounds, 
light, and so forth. 

The imagination of a Heath Robinson might easily devise a refrigerating 
machine to keep aU the bearings of another mechanism or the air in contact 
with the boiler of a steam engine at the same temperature. The refrigerating 
machine would have to do work to accomplish tffis result. So the universffi 
degradation of energy or the impossibility of perpetual motion may be stated 
in another way. Work has to be done to transfer heat from a colder to a 
hotter body. This is sometimes called the “second law of thermodynamics.” 
On the face of it, there is no obvious reason why we should invest this asser¬ 
tion with the dignity of a law. The need for stating it becomes clear only 
when we are dealing with complicated changes, the details of which are not 
fully understood. The so-called second law is then a useful mnemonic to 
remind the mathematician of the direction in which heat flows in the teal 
world. As such it helps him to keep his bearings, It does not justify pessimism 
about the human experiment during the next few million years. Lugubrious 
and somewhat mystical reflections which have been prompted by the degra¬ 
dation of energy and the impossibility of perpetual motion exercise a peculiar 
fascination. It is difficult to explain their popularity, wMch may owe some¬ 
thing to the fact that human nature shrinks from the imaginative effort of 
nsing science constructively. To the extent that it shirks the social challenge 
of new scientific knowledge, it is forced to belittle the scope of human 
acliievement. One way of doing so is to contemplate a comfortably remote 
prospea of cosmic banltruptcy. 

The Energy Concept links all the processes with which natural science 
deals in one system of measurements. This ineans that we can cost the 
relation between socially organized human activity and resources available 
for satisfying the common needs of mankind. In the past our use of available 
substitutes for human effort has been left to the caprice of social institutions 
which prevailed when irksome toil for the many was a necMsary condition 
of cultured leisure for the few. We could now undertake an inventory of the 
universe, putting on one side the debt of calories equivalent to human effort 
expended and on the other the credit of calories in available sources of 
energy liberated. Thus we could apply an objective criterion to the efficiency 
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of the social machine as we can to the steam engine. We should then have 
the basis for a scientific economy of social relations in which the concept of 
free energy would take the place of free trade.; 

At present we assess the efficiency of our social machine by the results 
of social practices which mankind adopted before understanding the powers 
at its disposal. For instance, we say that a scientifically planned economy of 
food production would not “pay,” and that it “pays” to invest in armament 
shares. To say that it pays to pile up a huge debt of calories in making 
thermite bombs, poison gas, and concrete shelters is equivalent to saying 
that the private control of credit by banks is not compatible with a rational 
system of costing resources for human weUbeing. What is called economics 
today is mostly concerned with verbal assertions in which words are used 
in this antisocial sense. Economics will be a science when it adopts a costing 
system based on natural laws in conformity with Bacon’s doctrine that “the 
true and lawful goal of the sciences is none other than that human life be 
endowed with new powers and inventions.” Since Bacon wrote these words 
the encouragement of the natural sciences has abundantly justified the expen¬ 
diture of effort on them. The social sciences cannot hope to enjoy the same 
prestige till they can also show us how to change the world. The true and 
lawful goal of the social sciences is that human life be endowed with new 
discoveries of sodal organization to use our newly-found knowledge of 
nature. The history of the steam engine has been a continual progress towards 
a goal which can never be My attained. It is merely silly to use the word 
Utopian as a term of abuse. 

The significance of Energetics in social relations will be clearer when we 
study in the nest chapter the results of superseding steam power by 
electricity. The dynamo which supplies energy for the use of electrically- 
driven machinery can be driven by waterfalls. From the standpoint of the 
engineer the efficiency of the dynamo (i.e. the proportion of electrical energy 
it delivers to the mechanical energy used in driving it) is about three times 
as high as that of the most efficient heat engine. That is only one side of 
the question. Once it is made it requires the expenditure of no human 
labour to replenish the supply of potential energy which drives it. 
The steam engine must be fed perpetually with fresh supplies of 
potential energy in the form of coal, which can only be brought from the 
bowels of the earth and transported to the boiler by human effort. Thus the 
worldng of the steam engine involves a certain debt of human calories for 
every unit of human labour saved in addition to the debt of calories which 
is paid by the coal. As compared with the dynamo the social balance-sheet 
of the steam engine would thus reveal a far lower efficiency than the engineer’s 
estimate of its working efficiency. When the economist says that the capital 
cost of hydroelectric power would exceed the cost of an equivalent quantity 
of fuel over a number of years, the engineer may reply that society is a 
continuum and that social planning, unlike laissez-faire, need not be limited 
by the expectation of life of aptaiiis of industry. If ffie Bank of England 
decides that hydroelectric power would not “pay,” the only conclusion to' 
be drawn is that we need to invent new social machinery for capitalizing 
our resources 
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The low efficiency of the best heat engines—less than 30 per cent—is no 
objection to the use of heat, provided fuel can be supplied without the 
expenditure of human effort. The heat engines devised so far use tlie chemical 
energy of coal and petrol. Its ultimate source is solar radiation which could 
be applied to power production without wasting human calories in digging 
it out of the eartli. Babbage (1832) hints at one feasible method in the 
concluding chapter of the Emmy of Manufactures \ 

The discovery of the expansive power of steam, its condensation and the 
docnine of latent heat has already added to the population of this small island, 
millions of hands. But the source of this power is not without limit, and the coal 
mines of the world may ultimately be e^austed ... we may remark that the 
sea itself offers a perennial source of power hitherto almost unapplied. The 
tides, twice in each day raise a vast mass of water which might be available for 
driving machinery. But supposing heat still to remain necessary, when the 
exhausted state of our coal fields renders it expensive, long before that period 
arrives other methods will probably have been invented for producing it. In 
some districts there are springs of hot water which have flowed for centuries 
unchanged in temperature ... and there can be little doubt tliat by boring 
a short distance a stream of high pressure would issue from the orifice. In 
Iceland the sources of heat are still more plentiful. ... The ice of its glaciers 
may enable its inhabitants to liquefy the gases with tiie least expenditure of 
mechanical force and the heat of its volcanoes may supply the power for their 
condensation. Thus in a future age power may become the staple commodity of 
the Icelanders and the inhabitants of other volcanic districts. 

Such a scheme could be put into operation by the Soviet Union vtith its 
large tract of ice-bound coast line. The temperature of the air in the arctic 
winter is below the boiling-point of ammonia. Owing to its high heat 
capacity, tliat of the sea never sinks below it. Hence the difference in temper¬ 
ature between the air and sea in arctic winter could be used to make an 
ammonia refrigerating machine work “backwards.” The stored solar energy 
of the sea would take the place of a perpetual boiler. The low temperature 
of the arctic winter air would maintain the external conditions of a condenser. 
No fuel would be required. The necessary supply of ammonia to replenish 
inevitable waste could be obtained as a by-product from a long overdue 
scheme to conserve the world’s limited supply of phosphates now wasted 
by fouling the coastal waters with sewage. While solar radiation continues 
to supply the basic conditions for the existence of life on om planet, unlimited 
resources of power now lie within our grasp. Faced with this prospect a 
decaying social culture is witless enough to welcome the Press lords’ appeal 
for a moratorium on inventions. The result is that a new social orientatioa 
is in progress. On the threshold of the modem era of power production 
science was the ally of capitalism. This was mevitable, as Needham reminds 
us in his refresliing essay, lawd, the LevellerSf and the Virtuosi’. 

■ Seventeenth-century science was expanding in the closest relationship witli 
industrial enterprise, The scientifiemen took, indeed, little or no part in politics, 
but they definitely depended for their support on the party diametrically 
opposed to the two groups described above, namely, the Laudian Qiurchinen 
and the Levellers. The former were representatives of a dying pre-scientific 
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collectivism, the latter were pioneers of a collectivism to which even yet we 
have not attained. It was inevitable that the scientists should be on the other 
side, since only capitalism, with its encouragement of technology, would afford 
science with the means of its development. 

Today the economist is the ally of the banks, because it “pays” bankers 
to endow a humanism with no roots in genuine science. Scientific workers 
tliemselves begin to see that the wage system, lilte chattel slavery, is an 
obstraction to man’s creative ingenuity, and that the future of power pro¬ 
duction lies in a society with a collective system of natural credit. Only 
collectivism by its encouragement of technology can now afford science with 
the means for its further development. 

mayer’s calculation of the mechanical equivalent of heat 

It is often difficult to malte a direct determination of a physical measurement 
with great accuracy. When a rough estimate has been made in establishing 
the new rule, more precise values can be obtained by examining the relation 
of the rule to other established truths. For instance, the direct determination 
of g before the days of cinematography and electrical recording apparatus was 
a very rough-and-ready procedure, and more accurate values were obtained by 
applying the principle of constant acceleration to the known behaviour of the 
pendulum, The citation from Crowther given on p. 616 refers to an indirect 
method by which the mechanical equivalent of heat can be calculated from 
observations on the specific heat of gases. 

That the specific heat of a gas measured in a closed vessel is not the same as 
its specific heat if measured in conditions permitting free eypansinn as the 
temperature is raised, had been known for some time before the work of Mayer 
and Joule. Hence it is customary to distinguish between two numerical values 
for the specific heat of a gas. One called the specific heat at constant volume 
is the number of calories required to raise 1 gm, through 1° on the centigrade 
(dr the absolute) scale when the gas is contained in a rigid vessel, so that its 
pressure increases without any expansion. The otlrer called the specific heat at 
constant pressure is the number of calories required to raise the temperature of 
1 gm. through r when the gas can expand to tlie volume it would occupy at 
the same pressure and the new temperature level. 

Ifthe specific heat of a gas at constant volume is S„ then the heat (H„ calories) 
required to raise the temperature of 1 gm. from T^ to Tj without changing its 
volumeis 

If the specific heat of a gas at constant pressure (e.g, that of the atmosphere) 
is Sj, the heat absorbed (Hj, calories) in raising the temperature from T, to 
T,is 

In this case besides raising the temperature the volume is increased from 

to In expanding, the gas can do a certain amount of work w (in calories) 
by pushing out a pistonj this must be made good in order to retain temperature 
Tj at volume Hence 

This expression is only true if all the quantities are measured in the same 
system of units. If M is the number of work units per calorie (mechanical 
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equivalent of heat) and if W is the work done, in work units, it may be put in 
work units throughout as follows: 

MS/T2-Ti) = MS,(T2-Ti)H-W 

mS,-S,) = ,^r^ .(i) 

The work done by a gas in expanding from Vi to Oj at constant pressure is easy 
to express. If contained in a cylmder of sectional area A, the piston is pushed 
out a certain distance d in keeping a constant pressure P equivalent to that of 
the outside air. The increase of volume (v^ — o,) is therefore Ad. The force 
exerted (see p. 369) on the piston head is PA and, since it moves through a 



(^Xg—Jj) 


Fig. 300.— Work Done in Expansion of a Gas by Heat at Constant 
Pressure 

If the gas is heated so that it expands from b, to Vj, pushing out the piston through 
a distance jCj - the work done is the product of (Xj - x,) and the force (F) acting 
on the piston. The atmospheric pressure against which the piston acts is the force 
exerted per unit area. Hence F == PA, The work done against atmospheric 
pressure is 

PA(x,-x,) 

= P(Axo — Ax,) 

-P(Bji-Bi) 


distance d against diis force, the work done by the gas against atmospheric 
pressure (Fig. 300) is 

(PA)d = P(B2-Oi) 

According to the gas law (p. 425), 


Ti, 

; ;.:P(%-z;i) = ?^(T2~i\) 

And since the pressure and volume of« gram-molecules or mpls. of a gas are 
connected by the equation 

Pb =7iRT, (p. 479) 
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Hence the work done in expanding from to is 

nR(T,^Ti) 

Substituting this value for W in (i) we have 

M(Sj, - S,) = kR 


In deriving this formula the quantity of gas is assumed to be 1 gm. Since 
one gram molecule of hydrogen is about 2 gm.j n - J if the gas is hydrogen. 
According to the best modem determinations at ordinary room temperatures 
the specific heats of hydrogen determined respectively at constant pressure 
and constant volume are S- 39 and 2 - 41. Hence 

S^,~Ss = 0-98 
0'98=:|R-bM 
M = Rvl'96 

If we wish to get M from this in a particular set of units we must nieasure all 
quantities involved in the same system. Specific heats are calculated m calories 
per gram and ergs in dyne-centimetres. Hence to get M as Ae number of 
ergs'per calorie R must be expressed in international units. We know 
(p. 479) that 1 mol. occupies 22-4 litres or 22,400 c.c. at 1 atmosphere pressure 
when tlie absolute temperature is 273®. One atmosphere pressure is the pressure 
of 76 cm. of mercmy. In units of force this is Edg where d is the density of 
mercury, 13*6 gm. per c.c. Sinceg = 981 cm. per sec.'', 1 atmosphere exerts a 
force of 

76 X 13'6 X 981 = 1'014 X 10“ dynes per sq. cm. 

For 1 mol.: 

R=pn-r T 

= 1,014,000 X 22,400 -f 273 
= 8-32 X 10 ’in international metrical units 
/, M = (8-32 X 10’)^1'96 

SB 4-24 X 10’ergs per calorie 

Mayer did not get a very accurate value for M because the specific heats of 
gases had not been determined with great accuracy at that time. The best 
modern determinations of M by other methods give its value as 4-185 x 10’ 
ergs per calorie. The value 4 -2 X 10’ is good enough for most purposes. 


EXAMPLE,S ON CHAPTER XII 

1 . An aluminium vessel weighing 35 gm. contains 125 gm. of water at 2 TC. 
A piece of brass weighing 36 - 5 gm. transferred from a beaker of boiling water 
raises the temperature of the water in the aluminium vessel to 23° C. If the 
specific heat of aluminium is 0-21 calculate that of brass. 

2 . A copper vessel of mass 20 gm. containing 120 gm. of a liquid is heated 
to 100 ° C. and immersed in 300 gm, of water at 13° C. contained in a copper 
calorimeter of 80 gm. mass. The temperature of the water rises to 27-6° C. 

, Find the specific heat of the liquid taking that of copper to be 0-1. 
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3. A copper vessel holds 80-2 gm. of water at 14-9° C. More water is 
added at 30-2° C, till the total water content is 123-1 gm. After sthring, the 
temperature is 20- T C. What mass of water has the same thermal capacity as 
the copper vessel? 

4. A vessel, with water equivalent 20 gm., contains 180 gm. of paraffin oil at 
20 ° C. When a piece of ice at 0 ° C. weighing 12 gm. is put into it the tempera¬ 
ture of the mixture is 10 ° C. when aU the ice has melted. What is the specific 
heat of the paraffin oil taking the latent heat of water as 80? 

5. The temperature of water in a copper vessel, whose thermal capacity 
together with that of the water it contains is equivalent to that of 100 gm. of 
water alone, is 40° C. Find the final temperature after stirring if 30 gm. of water 
are taken out and replaced by the same quantity at 10 ° C. 

6 . In a metal condenser weighing 305 gm., and containing the same mass of 
water at 21° C., steam condenses till the total mass of water has risen to 311 - 2 gm. 
and the temperature is 32° C. If the thermal capacity of water is 9 times as great 
as that of the metal, calculate the latent heat of steam. 

7. A copper calorimeter containing 100 gm. of water at 12 ° C. has 56 gm. of 
water at 80° C. added to it. The temperature of the mixture is found to be 
18° C. Find the water equivalent of the calorimeter. 

8 . A metal vessel weighs 60 gm. and contains 68 gm. of water at 15-6° C. 
The specific heat of the metal is 0-1. From a beaker at 97-6°C. a piece 
of tin alloy is transferred to the vessel and the temperature of the water 
goes up to 19-6° C. The vessel is again weighed with the alloy and water 
contained in it, the total weight being 173 gm. Find the specific heat of 
the alloy. 

9. When a lump of metal weighing 100 gm. is heated to 100“ C. and im¬ 
mersed in 100 gm. of water at 12° C. the resulting temperature of the mixture 
is 20° C. If the water is contained in a calorimeter of water equivalent 12, find 
the specific heat of the metal. 

10. If the specific heat of iron is 0-119, to what temperature must we raise 
an iron weight of 6-2 lb. so that it raises tire temperature of 11 lb, of water from 
14° to 26-4° C.? 

11. 16 gm. of iron at a temperature of 112 - 6 ° C. are dropped into a cavity 
in a block of ice, melting 2 - 6 gm. of ice. What is the specific heat of iron if the 
latent heat of water is 80? 

12 . The specific gravity of turpentine is 0 - 87 and that of etliyl alcohol 0 • 80. 
The specific heat of turpentine is 0-42 and that of alcohol 0-6. What is the 
final temperature if equ^ volumes of alcohol at 5° C. and turpentine at 60° C. 
are mixed? 

13. Define latent heat. Find how much ice at 0° C. 1,000 gm. of steam at 
100° C. would melt if the resulting water was at 0 ° C. Take the latent heats of 
steam and water as 637 and 80 respectively. 

14. If 16 gm. of ice at 0° C. placed in 160 gm. of boiling water lower its 
temperature to 83-0° C. calculate the latent heat of fusion neglecting the 
thermal capacity of the vessel. 

16. A shallow polished vessel supported on three corks contains 1 lb. of hot 
water. If the, temperature falls from 90° to 80° C. whilst 0- 260^0 is evapora¬ 
ting, calculate the latent heat of vaporization of water, neglecting heat lost by 
radiation, convection, and conduction. 

16. Davy’s classical experiment depends on the fact that the thermal content 
of ice is less than that of water. Using also the data of Example 14, calculate 
the specific heat of ice from the fact that 16 gm. of ice at ”■ 20 C. lower the 
temperature of 160 gm. of boiling water to 82 * 7° C. 
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17. If the specific heat of ice is 0 • Sj the latent heat of steam is 537 calories, 
and latent heat of freezing water is 80 calories per gm., find to what final 
temperature 120 gm. of water at 16“ C. will be raised or lowered if 60 gm. of 
ice at - 25“ C. are put in it and stirred by a current of steam at 100“ C. till 
the total weight of water is 176 gm. after all the ice has melted. 

18. Wliich would be preferable material for a teapot: 

(a) A substance witli high conductivity and high specific heat? 

(&) A substance with low conductivity and high specific heat? 

(c) A substance with high conductivity and low specific heat? 

id) A substance with low conductivity and low specific heat? 

19. The tltermal conductivity (K) of a substance is defined as the quantity 
of heat which passes in unit time through a cube of unit volume when tlie 
difference in temperature between opposite faces is T. The quantity (Q) is 
directly proportional to tlie temperature gradient, time, and area, and inversely 
proportional to tlie thickness (d) of material. Hence if t = time, A = area, and 
T = temperature 

""“Arda-T,) 

Calculate the heat loss when an iron boiler of tliickness 0’5 cm. and conduc¬ 
tivity 0-2 (in international metrical units—cm., secs., degrees centigrade) with 
a crust of 0-4 cm. thickness and conductivity 0-001 is kept at 300“ C. in an 
atmosphere of 120“ C. 

20. If tlie thprpifll conductivity of copper is 0'918, how much heat is con¬ 
ducted in 1 second through 1 square metre of a copper plate of thickness 3 cm. 
when one face is kept at 30“ C. and the other is kept at 30 • 2“ C.? 

21. Calculate the number ofergs in a foot lb., the number of ergs equivalerit 
to 1 foot poundal, and the number of ergs equivalent to 1 British tliermal unit 
(= 778 ft. lb.). 

22. In a closed metal vessel containing 2,010 gm. of water, 0-74 gm. of 
petrol is burned. The temperature rises 3“ C. If the thermal capacity of the 
vessel is equivalent to 710 gm., calculate the heat of combustion of the petrol 
per gram. 

23. Find in (i) international units, (ii) foot poundals, 

{a) the work done when a 10-gm. weight falls 10 feet under gravity, 
lb) the work done in imparting a velocity of 1 metre per second to a 5-lb. 

weight. 

24. A drop of mercury falls from a height of 15 metres on to a surface which 
is a very bad conductor of heat. If the specific heat of mercury is 0-033, how 
much is its temperature raised? 

25. Find the heat production in (fit) calories (6) B.Th.U. when a 64-lb. weight 
moving with a velocity 1 km. a second is brought to rest by friction. 

26. (a) If 1 gallon of water weighs approximately 10 lb., how many therms 
are required to prepare a bath of water containing 46 gallons at 120“ F., when 
the original temperature of the water is 62“ F.? 

(&) If the combustion of I gm. of good coal produces 8,000 calories, how 
much coal would be used if there were no heat loss? 

(c) Iflcub.ft.ofgasisequivalenttoO-0046 therm, how much gas would be 

required? , ; ' ■' 

(d) If 100 cub. ft. of gas costs fourpence, what would bethecost of thebath? 

27. A reservoir is 936 feet above a water turbine. Find the potential energy 
(foot pounds) of 1 cub, ft, of water in it, taking the weight of 1 cub. ft. of water 
as62-41b. 
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I 28. If a steam engine of 6 per cent efficiency consumes in one hour 60 lb, 

I of coal whose heat of combustion is 36 X 10^ calories per lb., find its horse- 

1 power, taking 1 ft. lb. as equivalent to 13,560,000 ergs. 

29. Find the horse-power required to give a locomotive weighing 300 tons 
a velocity of SO miles per hour in 1^ minutes. 

1 30. How man y cubic feet of water will a 10 h.p. engine raise from a mine 

300 feet deep in one hour? 

31. The specific heat of lead is 0 • 032. If a lead bullet striltes an iron target 
which stops it dead at a speed of 350 metres per second, calculate its rise in 
I temperature on the assumption that half the heat developed is given up to the 

target. 

I 32. If a bar of icon 12 inches long weighing 2 lb. is rotated about an axle 

i 1 inch in diameter through its mid-point by a falling weight attached to a string 

wrapped round the axle, find (a) how far the weight of 6 lb. must fall to bring 
its speed up to 1,000 revolutions per minute if no heat is produced, (6) how 
much heat would be produced, during the time taken for it to run down, when 
the weight is cut away. Warning : Do not forget the kinetic energy of tlie falling 
1 weight. 

I 33. Calculate the moment of inertia of a flywheel 2 feet in diameter weigh¬ 

ing 3 cwt. in British and international units, its kinetic energy when it is revolving 
! at 1,000 revolutions per minute, and the heat production when brought to 
I rest (in both systems). 

34. If 1 litre of air at 0“ C. is raised through 1“, pushing out a piston against 
j an atmospheric pressure of 76 cm., how much work is done in ergs? 
i 36. Taking into account the heat produced by friction in a crane worked by 

* a 10-h.p. gas engine, the efficiency of the latter is 25 per cent. If 1 cub, ft. of gas 
produces 460 B.Th.U., how many feet of gas will be used in lifting a weight of 
! 1 ton through 100 feet? 

i 36. How much work is required and what is the final pressure if a litre of 

air measured qt 76 cm. pressure is compressed to two-thirds its volume 
(a) in a vessel which allows the free escape of heat? 

{b) in a vessel which allows practically no heat to escape? 


THINGS TO MEMORIZE 

1. Law of thermal equilibrium. If Ma grams of substance A, of specific 
heat So, and temperature 4, are mixed with Mj grams of substance B of specific 
heat Si and temperature and the final temperature of both is T, then 

S„Mo(T - to) =-SiMi(T - tj) 

2. 1 calorie = heat required to raise 1 c.c. of water through T C. This is 

equivalent in work units to about 42 million ergs. 

1 B.Th.U. = heat required to raise 1 lb. of water through T F. = 252 calories. 
This is equivalent in work units to about 778 foot pounds or 26,000 foot 

poundals. ^ _ heat equivalent of work done 

3. Efficiency of engine = combustion of fuel consumed 

4. Work done in imparting a velocity n in a straight line to a body of mass 

imu® = kinetic energy. ' . „ „ 

6. 1 horse-power = 33,000 foot pounds or about 1-06 X 10« foot poundals of 

work per minute. 









CHAPTER XIII 


THE SOUTH POINTING INSTRUMENT 
AND THE LIGHTNING CONDUCTOR, 

The eighteenth century was notable in the story of man’s conquest of power 
for the replacement of water by heat as a source of energy. The chemical 
energy of combustible organic matter superseded the Mnetic energy of 
flowing rivers. The latter half of the nineteenth century initiated a chmge 
which is having equally drastic effects on the social habits of mankind. 
Mobile power is now transmitted over great distances by the grid system, 
and water power as the'means of producing electrical energy is taking the 
place of coal and petrol. To a far greater extent than in any previous technical 
development, except the growth of chemical manufacture during the same 
period, this change is the outcome of new theoretical knowledge gained 
through tlie encouragement of scientific research with little direct stimulus 
from a pre-existing technology. 

This does not mean that the study of magnetism and electricity received 
no encouragement in its initial stages from the everyday needs of mankind. 
During the sixteenth, seventeenth, and eighteenth centuries steady but slow 
progress in the study of magnetic and electrical phenomena was recorded. 
What progress occurred between 1600 and 1800 is nevertheless negligible 
when compared with the strides made between 1800 and 1840, The rapid 
advance which then occurred was not precipitated by any manufacturing 
process in which electricity or magnetism played a direct part. It was chiefly 
fostered by rapidly growing interest in theoretical chemistry during the rise 
of chemical manufacture, and ^thus benefited from the outlook of new indus¬ 
trial leaders eager to exploit new discoveries. 

The phenomena of magnetism and electricity had attracted little attention 
in the ancient world. At a very early date the Chinese were familiar with the 
fact tliat pieces of certain natural iron ores have the peculiar property of 
arranging themselves lengthwise along the meridian. The south-pointing 
instrument was possibly used in navigation before the Christian era. Thales 
(circa 600 B.c.) is reputed to have known that iron ores such as are found 
near Magnesia* in Asia Minor attract particles of iron and that when amber 
(Gml—ekctron) is rubbed it draws to itself light particles of straw and dust. 
Beyond these elementary facts nothing was known till the end of the sixteenth 
century in our own era, Aside from thunderstorms which, of course, were 
acts of God, such phenomena of electricity and magnetism as surround our 
lives today had no part in the everyday life of early civilization^ 

We do not know to what extent the floating magnet or mariner’s compass 
was used in ancient navigation. Probably the Phoenician traders and their 
successors in the Mediterranean relied aclusively on the bearings of celestial 

* “ The magnet's name the observing Grecians drew 
From the magnetic region where it grew. ...” 

Locrbtius. 
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bodies. It is sometimes stated that the Arabs introduced the maiiaer’s 
compass into Europe, This is not so. There is a record which shows tliat the 
Norwegians were already familiar with its use by the eleventh century of our 
era. How the Vikings undertook long ocean voyages in which they established 
settlements in Iceland, Greenland, and even as we now know in Labrador, 
would be a complete mystery if tliey had not been able to supplement the 
uncertain guidance of overclouded northern skies with the testimony of an 
instrument which they probably knew before tliere was flourishing com¬ 
mercial intercourse between Northern Europe and the Mediterranean. Be that 
as it may, the lodestone, mentioned in Chaucer, had already become an 
important item of navigational equipment during the period when mercan- 



Fig. 301 

Mao showing probable route of Lief Ericsson’s Labrador voyage about the year 
A.D.1000. 

f After Thordarson’s Vinland Voyages, American Geographical Soc. Research Series, 
No. 18.) 

tile intercourse was expanding between countries of north-western Europe 
in the fourteenth century, and when the dock, as we may suspect for Ae 
same reason, was replacing sundials. By Elizabethan times, the craft of making 
and designing compasses for use in ships flourished in the large ports, and 
magnetism was becoming part of the everyday life of the world. 

In previous chapters we have seen how two technological problems 
specially beset the practice of navigation during the period which witnessed 
the rise of the great scientific academies. One was how to find longitude at 
sea in the absence of reliahle chronometers. The other may be summed up 
in the phrase “forecasting the weather.” What progress in the study of 
dectro-magnetic phenomena occurred between 1550 and 1760 was largely 
influenced by the same considerations in the order given. To understand 
how the^tudy of magnetic phenomena kcame involved in the problem of 

longitucC it is necessary, to know two simple facts about magnets, when a 
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I magnetized bar of iron like the compass needle is freely suspended by a thin 

j flexible filament or attached to a float on water, it turns so that one end—the 

I north-seeking pole—points more or less towards the North Pole, and the 

I other—the south-seeking pole—points more or less towards the South 

Pole. It does not generally lie exactly in line with the true, i.e. astmomicah 
I meridian. It is inclined to it at an angle which differs at different places. 

^ This deviation called "magnetic declination” or the “variation of the com- 

1 pass” was discovered by mariners, and was already known in the fifteenth 

I century. Columbus among otliers made careful records of how it varies at 

j: any one time from place to place. 

Using a mariner’s compass is not so simple as our history books con- 
'! descend to divulge. A ship traversing the course of the Vinland voyagers in 



the year 1932 would start from the coast of Norway, where the needle points 
10° west of the true north. Off the Shetlands it would point nearly 20° west 
of the celestial pole. Near the coast of Iceland it would deviate by 30°, and 
off Greenland 40°. On the coast of Labrador it would point again 30° west of 
the true north. So steering a true westerly course by a fixed magnetic bearing 
is impossible. It can only be done if you possess some knowledge of magnetic 
declinations. Collecting such information was a practical necessity of efficient 
seamanship, or any seamanship which relied at all on the use of the compass. 
We can hardly doubt that Columbus merely repeated a routine which ViWngs 
had long since practised. 

During the sixteenth century comprehensive observations of these varia¬ 
tions were made in sea voyages throughout the world. Specific instructions 
that sea captains should record them are contained in the pages of ^akluyt’s 
Voyages of EizcAethan Seamen, About this time another fact emerged. If a 
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magnet is suspended about its centre of gravity so tliat it is free to move 
vertically, it does not come to rest in the horizontal position along the mag¬ 
netic meridian. It tilts downwards at an angle called the dip, which also 



I 

1 
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The argument which encouraged this hope depends on the fact that an 
observer’s position can be fixed by any two systems of criss-cross lines like 
those of latitude and longitude on an ordinary map (Fig. 303). If we could 
draw across the parallels of latitude lines joining points with the same com¬ 
pass variation (which changes mainly as we move east or west) we should 
have a second coordinate of reference to supplement observations of the 
former from meridian altitudes. If we draw across such lines of equal com¬ 
pass variation intersecting lines of equal dip (which varies mainly as we go 
north or south) we should have a complete specification of position from 
magnetic and meridian observations alone. This hope dogged nautical science 
till the end of the seventeenth century, when The Longitude Foimd^ published 
in 1676 by Henry Bond, was severely malhandled two years later by Peter 
Blackbarrow’s book The Longitude Not Found. 

With the support of the British Government Halley prepared a great 
world chart for the year 1700. Thereafter hope expired. The reason had 
been apparently discerned by Flemish manufacturers of compasses in the 
sixteenth century. Even then they had to make allowance for it. Both the 
compass variation and the dip vary from year to year as well as from place 
to place. Whitaker gives the following changes in the deviations of the 
magnetic needle at London from the trae (astronomical) North Pole since 


the Elizabethan age: 




1580 

llfE 

1800 

24° W 

1666 

l|°W 

1926 


1765 

20° W 

1935 

llfW 


Though the quest was doomed to failure, it had results which were ulti¬ 
mately destined to be useful in an entirely different social context, and it 
encouraged the earliest systematic researches into magnetic and electrical 
attractions. The literature of magnetism begins with the observations of a 
Wapping compass-maker, Norman, who published The Nes) Atiractm m 
1681. It is noteworthy because it breaks away from pre-existing astrological 
speculations which variously located the point of attraction in Pole Star, 
the Great Bear, or some mysterious mountain of unknown locality. Norman’s 
suggestion was that the origin of the attraction lies in the eaA itself. This 
was put to experimental test by Gilbert, whose demonstrations delighted 
the most highly cultivated monarch who has ever occupied the English 
throne. The De Magnete, T?msM in 1600,18 noteworthy because it is one 
of the earliest examples of a physical hypothesis based on the construction 
of a smalkcale mid. Gilbert (Fig. 304) made a large sphere of mapetic 
iron over the surface of which he could move a small compass needle smtably 
mounted. Therewith he mapped out the surface of the sphere into great 
circles of equal variation from pole to pole and small circles of equal dip 
parallel to the equator^ thus proving that the earth’s behaviour is like that 

of a huge magnet of the same shape. 

Gilbert’s book and his; previous work profoundly influenced Bacon. It 
is also notable for a hypothesis which, though wrong, exerted a very fruitful 
influence on later physical research. He supposed that the sun, earth, moon, 
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and planets are aU endowed with magnetic propertiesj and Kepler adopted 
the suggestion as a possible explanation of planetary motion. Without doubt 
this prepared the way for the doctrine of attraction at a distance embodied in 
Newton’s principle of universal gravitation, and determined the course of 
researches towards the end of the eighteenth century, when Priestley and 
Cavendish showed that magnetic and electrical attractions vary inversely 
with the square of the distance. The experiments which ultimately proved that 
the inverse square law applies to magnetic and electrical as well as to gravita¬ 
tional attraction depend on testing devious and indirect inferences from the 
law. It is easier to see how these discoveries were made, if we recognize at 
the outset the dose connexion between earlier speculations on the same 
topics, and the ample mathematical development of the theory of gravitational 
attraction waiting to be used. 

The early association of magnetic and gravitational theory explains why 



the phenomena of magnetic and electrical attraction engaged the interest 
of Hawksbee and others in the early days of the Royal Sodety. It would be 
consistent with the follies of the racialist doctrines now prevalent in Germany 
to attribute English leadership in the beginnings of power production, or, 
equally, American leadership in its more recent phase, to the peculiar natural 
endowments of the Anglo-American peoples. Such a supposition would be 
gratuitous. Economic, physiographical, political, and cultural circumstances 
conspired to give Britain spedal opportunities in the seventeenth century. 
Her rich coalfidds, isolation ftom the devastations of the Thirty Years’War 
which ravaged Germany in the post-Reformation period, tiie political 
suprdnacy of the English mercantile dasses, among other circumstances 
favoured the technology of steam. En her bid for maritime supremacy, 
England’s backwardness in astronomical lore and her northerly situation 
were both propitious to a new technology of navigation adapted to the experi¬ 
ence of her seamen. , , 

The facts about magnetic attractions known by begmniiig ot the 
eighteenth century indude little that was not established by Gilbert and 
his immediate successors. They may be summarized under tisree headings. 
First, the power to attract iron and to exhibit a polarity When free to move 
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in the earth’s field is possessed by certain natural iron ores, by bars of iron 
which have been allowed to rest in line with the magnetic meridian or. by 
bars of iron which have been rubbed in a definite direction by magnedc 
ores (or by other magnets originally prepared in this way). Second, all bodies 
which exhibit magnetic attraction h&vc polarity, the attractions being of two 
kinds (Fig. 306). The north-seeking pole of one suspended magnet repels the 
north-seeking pole and attracts the south-seeldng pole , of another. The 
south-seeldng pole of one suspended magnet repels the south-seeking and 
attracts the north-seeking pole of another one. Third, when a bar of 
iron is placed lengthwise in line with the polar axis of a magnet the end 



Fig SOfi.—E lizabeth Watching Gilbert’s Experiments 


nearest to the nearer of the poles acquires the opposite kind of polarity, 
while it remains in that position. This phenomenon is caUed magnetic 
induction. 


electrification BY FRICTION 

Ill exploring the nature of terrestrial magnetism Gilbert made experiments 
on the traditional property of amber, and showed that resms, crystals, 
sulphur, and glass when rubbed acquire the power to attract substances 
other than iron. The only important advance on these fragnientary observa¬ 
tions made during die seventeenth century was the work of von Guericke, 
whose researches on the air pump have been mentioned. Guericke made a 
simple frictional machine, a large sphere of sulphur on an iron axle rotated 
by a handle and rubbed against the hand during rotation. With this device 
he made two new discoveries. One was that when some object touched the 
electrified sphere they were no longer attracted but repeUed, The other was 
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that some objects placed in the neighbourhood of the electrified sphere 
themselves became “induedvely” charged, i.e. capable of attraction and 
repulsion. Better machines were made by a succession of imitators, of whom 
Hawksbee will be mentioned later. 

The known phenomena described as electrical in the middle of the 
eighteenth century were, in general, effects associated with friction like the 
above. At first attention was mainly focussed on the phenomena of attraction 
and repulsion. The main features of electrical attraction and repulsion 
depend on (a) the nature of the materials and (h) the nature of electrical 
induction. Broadly speaking, solids may be divided into two classes. If we 
hold a fountain pen of vulcanite, a stick of sealing wax, or rod of glass in the 
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Fig, 308 

Like poles repel and unlike poles attract. 


|iqnd, it becomes electrified when rubbed against the sleeve, a piece of fur, 
or a silk handkerchief. A metal rod if held in the hand win_ not attract small 
fragments of tissue paper or dust particles when rubbed in the same way. 
On the other hand, a metal rod will do so if it is mounted on a handle of 
glass or vulcanite. Thus the two classes of bodies to which bdong, on the 
one hand, substances like glass, amber, resin, sulphur, vulcanite, etc., und 
on the other hand, the metals, do not differ in ability to become electrified, 
as Gilbert believed. They merely differ in their power to retam the ron^tion 
of being electrically charged. Some bodies called Wm retam their charge 
and others called condMctiiri give it up unless separated from contact with 

other conductors by an insulating material. ^ j , , 

To test the presence of the electrified state a convenient device is made 
by suspending a small ball of pith from a silk cord. If a small plate of metti 

mounted on an insulating handle is fhstappHed to the surface of^ck^^ 

body, it will attract a suspended pith baU. A glass plate does not do this. So a 
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toiuiucting substance is one which readily acquires as well as one which 
rradilv Iosm charge by coAact, Dry pith is a very poor conductor, and when 
a Misnended pith ball is attracted to an electrified body it usually sticks 
to it. iniic Mispendctl pith ball is coated with gold leaf it is violently repelled 
aticr it has bccti allowed to touch the electrified object which at first 

antacKd it, ' ,. j 

The dfcumstances in which attraefion and repulsion are seen depeno 
on the nature of the electrified body. If a glass rod is rubbed with silk, it 
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Since motion towards (attraction) and away from (repulsion) a fixed point 
be mathematically distinguished by the positive or negative sign, the 
bvo kinds of charge are now distinguished as negative and positive. By 
convention glass which is rubbed with silk is said to be positivdy, vulcanite 
rubbed with fur negatively, charged. These terms were introduced by Ben- 
jwnin Franklin. Experiment shows that the silk used to rub the glass attracts 
the pith ball which is repelled by the latter, and repels a pith ball v?hich has 
been charged by contact with vulcanite rubbed with fur. Similarly fur used 
to rub the vulcanite attracts a pith ball charged with the latter and repels 
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Fig. 308.~Elecxrostatic Induction 

The egg-shaped metal conductor mounted on an insulated stand is initially neutral. 
When the negatively ctoged rod (-) is brought near it the opposite end is negatively 
charged, i,e. it attracts a pith ball coated with gold leaf previously charged by conmet 
with a positively electrified rod. If the rod is taken away, no amacuon occurs. If while 
the rod is held m position the end B is connected to m earthed (E) conductor at C, the 
attraction ceases, but if the rod is withdrawn after the connerion with C is severed, 
the whole conductor AB is found to be positively charged, and will now repel the 
pith ball. 

one which has touched a glass rod rubbed with silk. The fin is positively 
and th? silk negatively charged. In general, when there is fiiction between 

bodies of different material, they thus acquire opposite charges. 

The reason why a pith ball coated with conducting material is repelled 
by a charged body when it is allowed to touch it is that it aquires ±t sam 
kind of charge by contact. Why then is it first attracted? The answer to this 
question lies in the phenomena of induction. To demonstrate the phenomena 
of induction a convenient device is an egg-shaped metal body mounted on an 
instalating stand (Fig. 308). When a charged rod is brought near one end (A) 
the other end (B) will attract an uncharged pith baO, or repel one which has 
been charged by the electrified rod. One end therefore acquires the same 
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sort of charge as an electrified body brought near the opposite extreinit^ 
If the rod is removed the charge ordinarily disappears.^ If the end wlum 
is neat the pith ball is touched mmmtarily (“earthed”) wMe the rod is held m 
position the pith ball ceases to react. When the rod is withdrawn, it ej^bits 
the opposite behaviour. It is now repelled. The metal inductor is now electri- 
fied.with a charge opposite to that which its pointed extremity previously 

You can get a clear picture of these seemingly paradoacal effects if you 
adapt Gilbert’s method and make the pith ball a physical model of the 
phenomena observed. Imagine that matter is made up of particles of two 
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Fig. 309 .—Electrostatic Induction 


cliarged body is withdrawn. . 


kinds like pith balls charged to the same attractive power ^ 

neeatively. Wther these particles are molecules, atoms, or smaUer th^ 
either need not concern us at present. If both kinds are present in eq 
nimibeis a body will eihibit no electrical phenomeM. men ^ “ 
tubbed, the loss of one Knd, let us say negative pattidp, by one of tbm 
S. riiat it has an encess of the ote kind, posiuve 
athibit positive electrification. Since this loss mil mtafi a 
o the other body, the latter will be ne^tively iatged. Tb“ds_^m ^ 
■with the feet that the fur and the vulcanite or the 
mposite'charges. If we bring a positively charged tod {e.g. 
sik) near an ^charged body, what will thffl happen If ont ^ 
like pith balls one lot, tbe fositively charged ones, will be repelled by the to , 
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while the other, tire negatively charged ones, will be attracted to the rod. 
Hence there will he an excess of charged particles of opposite sip near the 
charged rod, and an excess of particles of like charge at the opposite end, 
which win, therefore, exhibit the same kind of attraction as the rod itself. 

If we connect the positively charged end to the earth, negative particles 
will be drawn into this end by the attraction of unlike charges. Its positive 
charge will therefore be neutralized, and the end connected to earth will 
appear to be discharged. If the rod is now removed after connection with 
the earth has been cut off, there will now be an excess of negatively charged 
particles on the surface of the inductor, because all tlie while the positively 
charged rod was held in position it maintained a concentration of negative 



Fig. 310.—Electrostatic Induction 

Charts a gold leaf electroscope positively by means of ^ 

seSg^wax rubbed with fur. The earthed conductor m (u) must be disconnected 

before the rod is removed, 


particles at the end next to itself. So the inductor will now be charged, and 
the sip of its charge will he opposite to that of the rod. . ,. . . 

You can familiarize yourself with the phenomena of electncal mduction 
by applytag the same model to mtetptet the hehaviour of m simpk 
deviS^, gold electioscope aud the electrophoiut. which are also u^ B 
demonstrate them, The gold leaf dectrtmpe it Fig. 310 k 
metal knob or plate connected with a tod at the ends of whiA two MR 
of gold leaf are mounted. The rod is fixed on an msulated^suppo^ and me 
leaves are usually protected by a glass window, which may sunply ^ ^ 

If a charged rod is brought nearmeknob, me leaves, whiA aqmre 

charges by induction, repel one anomer and divey hkeme tevM ofa bok. 
If me underside of me knob is touched while me rod ^ ^ 

me leaves coffapse togemer,but when merod is wim^awn 

diverge and remain apart. The electroscope is now swd to Jexhargd. It 

XSxharged me orighal charging rod^broughtnearm 

' ■ 'X '■, 
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again while it is held there; but if a rod of opposite charge is brought near the 
knob they will diverge more widely. Thus the charged electi'oscope can be 
used to test whether a body is negatively or positively charged. Observation 
shows that tlie divergence of the leaves is greater or less according to the 
amount of rubbing and die size of the charged body. The electroscope can 
therefore be used as a criterion of the extent of chargCj and thus to show that 
when two bodies are rubbed the opposite charges diey acquire are of equal 
strength. One way of doing this is to make a flannel cap just fitting a vulcanite 
rod. When the two are rubbed together, the flannel cap can be suspended by 
a thread attached to it side by side with tlie rod and near the knob of the 
electroscope. No clfect is then produced. Tested separately, each produces 
equal divergence of the leaves when the knob is not earthed. 



Fig. 311.—Electrostatic Induction—the Elbctrophoros 
The earthed conductor (which can be a finger) must be disconnected before he 
metal plate is lifted off. A spark can then be obtained by touching the edge. 


Tbe electrophoras is worth mentioning, because it demonstrates another 
feature of electrified bodies. Besides attracting light bodies, von Guericke's 
frictional machine was noticed to emit minute sparks with a cracMmg sound 
when touched. Where the atmosphere is very dry, as in Canada, it is often 
possible to get small sparks by merely rubbing the hair. The electrophoras 
consists of two parts. One is a dsc of vulcanite on a metal base (a gramophone 
record or the top of a tin filled with scaling wax serves), The other is a mcml 
plate with an insulating handle. The vulcanite disc is rubbed with fur or dry 
doth. If the metal plate is now laid on it and then removed, there will be no 
spark when the edge is touched with the finger,. If however the top of the 
plate is touched while the metal plate rests on the disc the subsequent 
behaviour of tlie latter is different. After lifting it, a conspicuous spark is 
emitted when the edge is touched. This can be repeated an indefinite number 
of times without rubbing the disc again. To understand the tnodm opermM 
of this device, you must remember that the metal plate only touches the 
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uneven surface of the insulating disc at a few points, and since the latter is 
not a conductor it does not give up its charge appreciably through contact. 
Charging occurs by induction. The reason why we can go on “discharging” 
the clectiophorus repeatedly is that the excess charge of the metal inductor 
comes from the immense resources of the earth. The reason why the 
disc eventually loses its charge is that air is not a perfect insulator, and, if 
moist, conducts appreciably. Hence Oi.periments with frictional electricity 
can only be relied on to give the results described, ff performed in rebitivdy 
dry conditions. 

THE NATURE OF LIGHINING 

If the metal disc of the dcctrophorus is brought neat an electroscope 
before sparking it is found to be charged. Afrer sparking it is no longer 
charged. A spark therefore accompanies the dmharga of m electrified body. 
Careful observation shows that the spark occnixs immediately before the 
linger touches the edge of the metal plate, Indeed, it is not necessary to touch 
the plate, if the finger or any earthed conductor is brought near enough. 
This means tliai when an uncharged body is brought very near one which is 
highly charged, the intervening air ceases to insulate and acquires the power 
to conduct electricity, a phenomenon accompanied by the evolution of great 
heat, The production of light, heat, and sound in the spark without the 
accompaniment of chemical decomposition of combustible material naturally 
attracted attention. It did so partly because of its oddity but also because it 
was the first natural phenomenon which suggested any resemblance to one 
of the most familiar and hitherto inexplicable characteristics of storms. 

The crackle of the spark which occurs when a charge is neutralized by earth- 
ing is a miniature thunder clap. In everyday life thunder is commonly 
Mowed by rain, and there is nothing unlilcely in the supposition that the 
drops of moisture in douds acquire an electrical, charge by friction with the 
atmosphere. This view was stated by Wall, a friend of Boyle, in a paper 
published in the Philosophical Trmactions of the Royal Society m 1708. In 
it he suggested that the luminous crackling of rubbed amber “seems in some 
degree to represent thunder and Hghmmg.” A year later Hawksbee published 
his book Phym-Mechanical Experiments, and therein described a glass 
frictional machine somewhat similar to von Guericke’s. Benjamin Franklin, 
who founded the first American Academy of Sdences at Philadelphia to 
advance “useful knowledge” in 1748, was fired with interest for the new 
discoveries and their possible applications to thunderstorms. The damp 
atmosphere of England and Holland is not well suited for experiments on 
frictional electrification, because it is not a good insulator. Hence reliable 
results are difficult to get, and require careful precautions which presuppose 
some knowledge of the phenomena themselves. Philadelphia, where Fr^lin 
began his experiments about 1747, has a more propitious climate because 
the prevailmg north-west winds are deprived of moisture in their passage 
over the American continent, where ffie severe frost keeps the air dry 
in the winter. As Crowther remarks of Franklin and his friends in American 
Mm of repeated experiments assisted them to 

think out clear-cut theories.” 
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Besides being a statesman, Benjamin Franklin was a man of science and a 
pioneer of secular scientific humanism. It was he who first introduced the 
terms positm and n^ative electricity. He also proved the identity of thunder¬ 
storms and frictional phenomena by a classic^ experiment first carried out 
in 1752. This experiment was the basis of the first practical application of 
electricity in everyday life. During a thunderstorm near Philadelphia, Frank¬ 
lin flew a kite provided with a metal point connected with the wet hempen 
string. To the lower end of the latter a key held by a dry silk cord to a tree 
was attached. From the metal key sparks were drawn off in rapid succession, 
whenever it was touched. This at once led to the invention of the lightning 
conductor. A lightning conductor is simply a metal rod projecting well above 
a building at its upper end and sunk deep in the earth. Men a charged cloud 
is above, the conductor acquires a charge which leaks to earth. If a discharge 
does take place the conductor acts like the finger applied to the edge of the 
charged electrophoms, neutralizing the charge by earthing. 

Till the beginning of the eighteenth centiuy these new phenomena 
exhibited by bodies subjected to friction had been comparatively insignificant. 
About the middle of the century attempts to improve Ae insulation of simple 
frictional machines like those of von Guericke and Hawksbee led to new dis¬ 
coveries about induction and the fortuitous invention called the Leyden Jar. 
The Leyden jar, so called after the home of its Dutch inventor, added a 
third to the list of electrical properties of matter, and threw fight on another 
mystery of outdoor life. From ancient times it had been Imown that certain 
fishes, like the electric eel, can impart powerful “shocks” which produce 
violent muscular contraction, and may even Idll an animal as lightning some¬ 
times kills men. The inventor of the Leyden jar is alleged to have said that 
he would not have repeated his principal experiment with it, if he were 
offered the crown of France. 

An experiment with a metal inductor film the one in Fig. 812 helps us to 
understand the Leyden jar, which is the parent of the "condensers” now 
used so widely as part of radio equipment. If a charged conductor is con¬ 
nected by a wire with the knob of an electroscope, the leaves will diverge. 
They do so because they then share the excess of positive or negative charge 
on the conductor. If another insulated conductor is brought near the first it 
will have little efl:ect on it unless it is earthed. If it is connected to earth, 
the divergence of the leaves of the electroscope will noticeably diminish as 
it approaches it, and return to their original position when it is taken away. 
Allhough the conductor connected with the electroscope appears to be less 
highly charged while the earthed conductor is near it, what happens is not 
due to the fact that the first has permanently lost any charge. Adi that has 
happened is that the distribution of the charge between the conductor and 
the electroscope connected with it is temporarily changed. 

When the same source of heat is applied to two different bodies for the 
same time, i.e. when two bodies receive an equal "amount” of heat, the 
temperature they reach is determined by their thermal capacities. So by 
analogy with what happens in our last experiment, this is described by saying 
that the “capacity” of Ae conductor has been increased. The heating effect of 
two bodies brought to the same temperamre (e.g. by immersion in water 
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kept at the boiling point) depends on their thermal capacities. We may 
therefore press the analogy further by asking whether there is any difference 
between tie electrical effects (attraction or spark) exhibited by conductors 
of different capacities charged up to the limit from one and the same source, 
e.g. by repeatedly connecting them with the charged plate of an electrophorus, 
A Leyden jar (Fig. 313) or any other “condenser” is simply an arrange¬ 
ment in which a conducting surface is separated by insulating material 
from another conducting surface which can be earthed. The variable air 
condenser of radio equipment consists of ts70 sets of parallel metal vanes 
separated by air. One set may be earthed and the other can be connected 
with a source of electric charge. The Leyden jar is just a bottle covered up 
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Fig. 312 

The fact that the attractive (or repulsive) power of a charged conductor is diminished 
by the presence of a neighbouring earthed conductor is_ shown by the fact that the 
gold leaves diverge less when the uncharged metal cup is brought near the charged 
metal sphere connected with the electroscope. 

to the neck on the inside and outside with tinfoil. The outer coat is earth 
connected. The inner coat is connected with a metal rod held in the neck. 
The metal rod usually has a knob at its free end, and this can be charged by 
repeated application of the metal collector of the electrophorus or any other 
"electrical machine,” 

To generate large frictional charges, various types of machines had been 
designed on the same fines as that of von Guericke by his successors. If 
we go on rubbing two bodies (e.g. a rod of glass and a piece of silk) beyond 
a certain point no increase of electrification takes place. That is to say, the 
attractive power is not increased, A crackling sound is heard indicating that 
further increase is checked by sparking, which allows electric charges to 
escape. The problem of generating powerful electrification is therefore to 
let one of the bodies discharge into a conductor of highcapacity, and to let 
the other discharge to earth at the same time. How this is done in frictional 
machines which evolved from that of von Guericke is illustrated by a type 
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intense dctciritic^tions this mwiis thui tnc^rc interne tlcilriiianon ii ift^wfc4 
to break tlnwo the uittulaiini;; |H)\vcr I'l a Ion}? cttlunin than lo bitsik down 
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clccirifitation wonld \k dissipated as quickly as it was produced. If tk width 
of die spark gap is kept the same, and the connector is awwtcd by a wi» 
with the knob of a Ixyden ittr whose outer coat is earthed, nrarks occur it 
longer intervals and arc much brighter ami louder thin before. Also powtfftil 
shocks arc obtained by touching the adlcctor. if, when there is oa condr^rtor 
near the collector to fvermit sparking, the wire connecting it to the Leyd« 
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The ideology of the encyclopaedists also created a favourable iitmosphcfe 
for toher enquiry. The novelty of the shock excited the attention of the 
physiologist, cMcily perhaps became it raised in t new form a qnestmn 
which had been debated by the French inatcrialist La Meuric. In everyday 
life we speak as if death were a quite abrupt change which involves the 
whole or^nism. During the first half of the eighteenth century La Mettric 
pointed out in L^Bontme Mmhins that this is i»t invariably true, A dccapi" 
tated fowl which is legally dead may wnlinue to run almut for a short while. 
Clearly the lawyer’s definition of the quick and the dead might profit by 
further elaboration. Since any of the detached muscles ot a freshly decapi" 
tated frog can be made to contract over a period of many hours by applia* 
tion of cketric shocks, experiments with electrical machines showed that 
death occurs piecemeal, as I j Mettrie had argued. 




In the course of experiments on frogs, Galviun, an Italian biologist, made 
a ibruiitous observation which had vast and iinforcsccahlc resiilR. tialvani^ 
showed that tlie muscles of the leg of a freshly ^'killed” frog will ctmtract it 
touched simultaneously with two ditiitem meials, c.g. a piece ot xmc ana a 
pim of copper, I’here is no need to traverse tlie amrse o! snbseqiiort 
investigations which quickly led up to the discovery of the cell or battery. 
It is enough to say that the same result is obtained it we much i nerve or 
muscle with the free ends of two wires of thesamcmetafiwthwi their opp«»«c 
ends are connected to two different metals immersed in a watery wlution 
of salt (like the fluid which bathes the twdy tissues) or other ’'detifolyic" 
(vide p. 4(17), Such an arrangement is called a all To get |xiwerful imi 
reliable effects it is better to use several cells txmnectcd "in seriesthil is to 
say, having in “electrode” of one metal in one cell cotmaicd with the 
electrode of the other metal in the next cell. 'I'he invention of «ueh in imor- 
ment of dh called a “batteiy” was mide by Volta, alw im laliffl icmiHt, 
in the eking years of the eighteenth century. Volta's battery or 'pile 
consisted of dicular discs of copper, zinc, wd cloth pads sosked fe diltiic 
sulphuric acid, a,niagcd in the order copper, icid, zinc, copper, acid, w', 
copper, add,«, etc. With many such plates powerful spails tad shocks 
could be obtained when wims from the end pte« of ttf per ind doc weft 
brought tO'gete, ^ 

With Volta’s pile, or any other battciy in which dilfeitnt ctacnis (ime 
and copper, xinc and carlion, etc.) arc ^thed in i. wlution of citdiolyps, 
a group of neW'phenomciii were metmatertd. 1'hc same word ekcirial 
was applied to them,'partly beausc the spark and tlie, shock we now 
identified with its use, and also bec« the spaki and shocki obttiwl 
with the bittcry arc only pimiuitd by conncciing the icrminali wiih »o* 
ductom such as metal, wire. As. i miita of .&«■, many y«»dapied.before.« 
w« possible to prove that all the pkaonwii produced by *a ..cterical 
Mchine an be obtained with atettetf, or, »av«.ly, thit «fl die phowaai 
which arc Aamcteristic of i littery m be de«ot»ii*ied till « 4edffcil 
machinfi.,, : 


'Phe first of the new phenomena was the discovery tiiat bubbles ot gas 
arc produced when the free ends of wires connected with the terminals of 
a Volta pile are immersed in water. In 1800 two British chemists, Nicholson 
and tiarlislc, accomplished the decomposition of water into its elements by 
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iisfcks of diartml. When the cathon rtuis are brought close together, the 
iprk auses minute white-Iiot |xiniii*s to l!y across the gap creating a 
rancluding medium, Once this is established the rods can l)e drawn 
apart as far as four inches while still maintaining a brilliantly luminous and 
continuous spark. With this lirst arc lamp, such as is still used m magic 
htuterni, Davy lighted his lecture room iit tlte Royal Institution. In the worn- 
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The tfeHeaii'ti of .t rnniiiiii-tii. nt-.-Uli' when u muctit iss-w, hrhiw u nr 4k»vc it ihnmjtlt 
ft wire phtvett iilmu; rlic tuiiHOefu: mrridtun The N'orrh I’olc »i sharfed. 

out crater at the ends of the carKm rods, he was able to melt pUtinum, 
quartz, sapphire, lime, ami other subtanccs whids fwd hithmo defied the 
power of heat. He also suetteded in Imrnitjg diamonds, This led to the 
discovery that diamond is eiernemary carhm. 

'fen years later a third group of fjhcnomena of immense impertatw were 
discovered on the continent by Oersted and ikrstd tad that A 
magnetic needle suspended in the neighbourhood of a wire with 

the temumb tT a battery is dclJectcti out of it? noroml oricntatkss along the 


The South Pointing Instrument 651 

magnetic meridian. Thus a wire conveying a airtent has magnetic properties. 
This observation was Mowed by the discovery that a piece of iron round 
which a coil of wire is womid behaves as a magnet wli0e the wire is con¬ 
nected at its ends with the terminals of a battery. Thus a magnet can be made 
and destroyed by simply turning a switch (Fig. 31.7) which completes or 
breaks the circuit of conducting material. A piece of iron mounted on a 
spring which allows it to move towards another piece when the latter is 
magnetized by an electric current am itself be made into a switch so that 
every time it moves contact is broken and attraction ceases. When attraction 
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Fig. 317 


A simple lever switch (below) for turning a current on and olf, and a reversing switch 
wliich also clwnges tlic direction of a current. Insulating material snaded. 


ceases it springs back, remaking contact, and so buzzes to and fro. This is 
the principle of the electric bell or buzzer (Kg. 319). 


FOUNDATIONS OF ELECTRICAL INDtlSlRY 
These empirical discoveries relating to the phenomena of curmnt elec¬ 
tricity lend themsdves readily to the inyeniion of a vdety of devices. Like 
the earliest steam engines, such inventions did not in themselves require 
an elaborate basis of theoretical Imowlcdge. Theory emaged ftom ^needs 

d/tnondln a thcoictical basis, when chemical manufacture began to extend. 
So it was with deettidty. Once such inventions had become artidhs of 
economic importance, how to produce a guaranteed product and how to 
achieve economical design, each raised a host of new theoretical issues, In 
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the social context of expanding maniifacture“-especially in America—manu- 
facturers were more disposed to acquire patent rights and exploit inventions, 
which now multiplied with astonishing rapidity. The chemicd effect was soon 
adapted for commercial purposes in electroplating, which consists of decom¬ 
posing the salt of one metal so that particles of metal are deposited on another 
piece of metal connected with one of tlie poles of a battery, just as bubbles of 
hydrogen collect at one "pole” when water is decomposed. As early as 1846 
Wright’s arc lamp was used to light the streets of Baltimore. Swan and 
Edison independently made the carbon filament lamp about the year 1879. 
In contemporary life electric welding, electric coolting, and the electric 
furnace used in metallurgy, as well as lighting, arc applications of the heating 
effect of the current. The deflection of the compass needle by another magnet 


D 



+ 

Fig. !I18 


A simple commutator or reversing switch worked by a handle. Insulating material 
shaded. As drawn no current Hows in the circuit. A slight clockwise turn connc«8 
B to C, making C negative, and A to 1), making D positive. A slight anti*dockwiac 
turn connects B to D, making D negative, and A to C, malting G positive. 


had been suggested as a means of signalling in the seventeenth centiny, 
While only permanent magnets were available magnetic signaUing remained, 
like so many of the known electrical and magnetic phenomena of the age, a 
"marvel of science” or more briefly a toy. The possibility of making or destroy¬ 
ing magnetic attraction by switching on or switching off a current now made 
it a practicable device for transmitting messages over long distances. 

The discoveries of Oersted and Ampke were immediately applied to this 
end, Ronald devised a telegraph in 1823, and another was made by Cooke 
and Wheatstone about the same time. The telegraph was mken up by the 
railways from the start, Crowther tells us 

"its practical value was first demonstrated tlirough its assistance in detaining 
a murderer who was escaping by train to London. It happened that the tele¬ 
graph had been set up as a demonstration unit at tlie station where the murderer 
boarded the train. A description was wired to London, and he was arrested as 
he got off the train.” 
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The discovery of electromagnetism happened when Western civiHzation 
was undergoing a new revolution in transport. In the ensuing decades the 
telegraph became essential to the great railway systems throughout the 
United States, and its improvement offered ample scope for inventive 
ingenuity. Crowder says that when Edison was employed as a telegraphist 
on the railways in his youtli, night operators were required to send hourly 
signals to show that they were awake. For his personal convenience Edison 
devised a dock which made time signals automatically. Edison’s later in¬ 
ventions sponsored tlie far-flung trustification of American industry. The 
telegraph became "the little mother of the Great Trust,” and played a 
decisive rfilc in the triumph of the industrial North during the Civil War. 
The first cable from Britain to the continent was laid in 1851, and by 1866 



Fig. 319.— Pwnciple op the Morse Sounder and Electric Bell 


The current can only flow round the circuit when the switch is pressed if the screw A 
touches tlie spring which carries tlie piece of soft iron B. B is attracted to the iron core 
of the coil when current flows, forcing down the spring, and so breaking die contact 
at A. The core then ceases to be a magnet. B springs back and contact is made once 
more. This goes on as long as the switch is pressed. 


cable transmission to America was successfully completed after several 
attempts beginniiig in 1867. The earliest telegraphs transmitted signals by 
deflection of a magnetic needle right or left by reversal of the direction of the 
current (Fig. 321) with a reversing switch or commutator (Fig. 317). Later 
the Morse system of signaUing by long or short taps with a Morse receiver 
(Fig. 319) replaced them. Electric motors of the type (see p, 363) first 
designed on the same principle as the beU and the magnetic crane for lifting 
steel are further examples of the magnetic phenomena Of the current in 
daily use. 

The extensive application of these inventions was limited at &st by the 
fact that current electricity produced by chemical decomposition in the 
voltaic cell is costly, Until other means of obtaining it were discovered, the 
use of dcctridty was therefore restricted to specific purposes for wMch 

there were no simple alternatives. In Britain, where the industrial capitalism 

of the nineteenth century rested on heat as a form of power, heat has con- 
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tiMfid to be tlie main agent of chemical raanufaclttre and of power produc¬ 
tion. Only during the last fifty years has there been a vastly more efficient 
substitute for an economy based on heat. Its extensive aploitation is confined 
to cauntries where vested interests in the pre-existing technology are less 
powerful than they ate in Britain. We shall come to that in a later 
chapter, 

OTCnONAl AND CTONT ELEOTICirV 

It will help us to understand some of the phraomena which we shall meet 
ktet} if we now pause to discuss a question raised earlier. Two of the toee 
cliaracteristic phenomena exhibited by frictional machines—the production 
of sparks and the power to evoke muscular contraction-have been seen to 



Fig. 32().-Thi! Elecihc Bbx 


be characteristic of the battery. An additional similarity is that electrical 
power from either source can be conveyed by the same classes of substances- 
metals and mineral solutions. The most characteristic feature of dcctrifica- 
tion produced by friction is attractive power* and the two most characteristic 
phenomena of the battery axe chemical decomposition and the production 
of a magnetic field. If the wire from either of the terminals marked on a 
battery with the sign -I- or — is brought near a suspended pithball^ or small 
fragments of paper no evidence of attraction will be noticed. If wires ftom 
the coUector and the unearthed pad of a frictional machine ate dipped m a 
solution no bubbles are generally noticed* and if the wims are jomed there is 
no noticeable deflection of a compass needle in the neighbourhe^d. We are 
therefore tempted to conclude that the resemblance between frictional and 
current electricity is merely supetfidiil and docs not justify the use of the 

same word for both. . . . 

If we pursue the analogy of flow which proved suggestive m directing 
earlier enquiries into thermal quilibrium* there is one drcumstance 
helps us to see how a difiercnce might arise bctwim the way in which 
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electricity is produced. When a conductor like brass is held in the hand* 
mbbmg evokes no display of electrification. If it is insulated by a glass 
handle, it can be electrified by rubbing just as the insulator itself can. Mcta- 
phoric^y we describe this by saying that when there is no insulator to 
obstruct its flow electrification is conveyed away as quicldy as it is produced, 
and when ffie flow is prevented it accmnulates till it reaches a high level 
of intensity, Experiment shows that when a charged body is touched with 
an earthed conductor the attraction disappears in the twinkling of an eye. 
The flow of electricity—to continue the metaphor—is only momentary like 
the spark. Assuming for the moment that both phenomena are essentiaUy the 
same, we may therefore draw two provisional conclusions. One Is that in the 
frictional machine the flow of electricity in the spark discharge is of very 



Fig. 321,—Telegraph Circuit 

A needle telegraph circuit consists of two magnetic needles mounted on a verdcgl 
dial, with electromagnets on either side, two reversing switches, and batteries. Smee 
the current goes through both dials, the operator sees the signal he is transmitUrig. 
In 1887 it was discovered that we can dispense with one line if metal plates ate aunk 

deep in ffic earth which then acts as a sufficiently good conductor. 


short duration. The other is that if the pad and the collector are joined by a 
wire electtification does not amount to a high intensity. So the flow is very 

slight. ,, 

If we make these assumptions two conclusions follow, An ordinary compass 
needle is heavy. On account of its inertia it needs time in which to move 
appreciably. If the production of a magnetic field is contingent on the_ dis¬ 
charge of electricity, the flow must therefore continue for an appreciable 

actionTm^wS^toe before it reaches measurable dimensions. Hence we 
should not expect the momentary discharges obtained by connecting the earth 
pole and collector of a frictional machine to produce very striking effects. On 
the other hand, the current which flows through a wire connecting the pad 
to the collector, when the former is disconnected from earth, may not be 
suffidontly large to achieve any result unless very sensitive instruments are 
used. It is quite easy to show both chemical and magnetic effects due to 
bodies dcctrified by friction, if we pay attention to these considerations, 
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A very scmitivc indicator of chemical decomposition by the electric current 
is a strip of paper soaked in a solution of potassium iodide and starch paste. 
Potassium iodide is broken down by an electric current in much the same way 
as sodium chloride (p. 470) is broken down in the Castner process. Iodine is 
liberated as is clilorine in the latter. Starch turns deep blue in the presence 
of iodinCj and it is sensitive to extremely minute traces. If the ends of two 
pieces of wire connected with the collector and pad of a frictional machine 
are applied to a piece of blotting paper soaked in iodide and starch paste, a 
blue region is formed round the end of the wire connected with the positively 
charged conductor, The same result occurs when the ends of the wires are 
connected with the two electrodes of a voltaic cell. The blue colour appears 
round the end of the wire attached to the copper plate. For that and other 
reasons the copper plate is called the positive and the zinc plate the negative 
electrode of tlie cell. _ .... 

It is easy to show the magnetic effect of frictional electrification with 
modern apparatus. Just as a magnetic needle suspended in a coil of wire is 
deflected when current flows, a coil free to move between the poles of a 
magnet is also deflected when a current flows. Such an arrangement can 
be used for detecting a current, and is called a ^ahanometer, Galvanometers 
can be made with high or low inertia. That is to say, the time taken fora 
deflection to reach its limit may be several seconds or a minute fraction 
of a second. If we connect one pole of a galvanometer (big. dfiO) of very 
“liigh frequency” (i.c. low inertia) to earth and the other to one terminal of 
a condenser of high capacity, a noticeable deflection is obtained when a 
vulcanite fountain pen rubbed against the sleeve is applied to the other 
terminal of the condenser. The direction of the swing of a galvanometer 
connected to a battery depends on which terminal is connected to the positive 
and which to the negative electrode. It is easy to show that a positively 
charged rod applied to the terminal of the condenser in tlic arrangement 
just described produces a swing in the opposite direction to the swing 
produced by a negatively charged rod, if the same connections arc used j and 
in cither case the result obtained is reversed when tlie terminals are inter¬ 
changed. In this way we can confirm the conclusion that the zinc electrode of 
the voltaic cell is the negative and the copper electrode the positive one. This 
is confirmed by the fact that the + terminal of a battery connected to a 
sensitive positively charged gold-leaf electroscope makes the leaves diverge 
more. 

We can therefore sum up the observed difference between the effects of 
frictional and current electricity by saying that the former exhibits very 
powerful momentary (spark or shock) effects or effects (attraction) which do 
not entail the loss of electrification, wMlc the latter exhibit relatively 
momentary effects or attractions. On the other hand, frictional electrification 
usually results in very weak effects (magnetic or chemical) which d^end on 
the maintenance of tile continuous flow which accompanies chemcal (i.e. 
voltaic) electrification. That there is no incompatibity m their essential 
identity is easily seen, if we remember what we have learned from the study of 
heat. Every physical change has two measurable aspects, one which may be 
described as the intensity faaor or potential, tlic other the capacity factor. 


!' 
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A very small change is possible when either of these is large provided the 
other is very small. A drop of boiling mercury let fall in a bath of cold water 
experiences an immense change of thermal potential (temperature). The 
momentary flow of heat is large, but averaged out over a measurable interval 
of time it represents a small quantity. A cistern of water at 20° C. emptying 
rapidly into a half-filled bath at 19° C. till it is M represents a vepr smaU 
change of thermal potential, but a steady flow of heat over a long period; and 
the change in potential which occurs per unit quantity of matter is actually 
greater. _ , . .... 

An analogous distinction which applies to electrification by friction is 



Fig. 322.~Far«)Ay’s Bxpbmment to Show that the Induced and Inducing 
Qiarges ARE Equal AND Opposite 


If a charge is induced in the conductor C by the elect« disc A, the leaves of the 
electroscope remain equally divergent after discharging A by contact with C so that C 
absorbs all the charge on A. 


illustrated by a demonstration first carried out by Faraday and called his 
“ice pail experiment.” To detect electrification an electroscope is connected 
with a hollow metal conductor (C) mounted on an insulating st^d md 
provided with an aperture at the top through which a small metal disc (A) 
with an insulating handle can be inserted. To start with, the electroscope is 
uncharged, and the metal disc A is charged like that of an electrophoras. 
The experiment may then be carried out as follows: 


(i) The disc A is held above and close to the electroscope, the leaves of which 

iverge widely, and collapse when it is withdrawn. ^ 

(ii) It is held carefully inside the, conductor C without bemg al owed to 
)uch it. An opposite diarge is induced on the inside of C and the leaves of 
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mciisiiriiig the other aspect of electrical change corresponding to thermal 
capacity. As long as we stick to one Idtid of mutter^ thermal capacity is defined 
in temis of the anumm of matter (mass) involved in a thermal change. Simi¬ 
larly, we may take as n criterion of electrical changes the amount of matter 
decomposed. Tlie amoniit of mutter of a particular kind decomposed in 



m . 32 :t,-.I‘tafit» AnM.<Ki¥ oi* Burrntm Potbntiai,, Electrical Capacity and 
CiiAKOa ArxtwiRUD by EmaTON 

Akm ‘htfentuf c uf potential p between tlie small vessel A and the large 

vc»«! It tucaiis tlwi A lui* tlic power to wise water in B when the connecting tap is 
Wfacd m. ‘1‘Jie dnicrcrice of putcsitial between the two large vessels B and C is zero, 
and ihm will be nti tUv, 


MtentiaS difference B between A or C andB is the same, but the large 
aimiity of wWr Ml C can iwtke B overflow whereas the small quantity m A cannot 


unit time corfcsponds to what is called mmnt The units of potential 
«nd currcni am the fw/{ and the mip^s. By internationar agreement the 
volt is chosen so that the of the Weaton Standard CeU at 20 C. is 
T0183 volfi. By micinational agreement the ampte is so chosen that 
0*001118 gram of aiiver is liberated in one second from a solution of silver 
atone, when a steady cutttnt of 1 mfm passes across the ends of two 
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metal plates dipped in it. In tlic next chapter we shall see how the voltage 
of a generator, or the amperage of a circuit in which a current is flowing are 
measured and why it is useful to do so. 

MEASUREMENT OF AnRACTIONS 

The costing of electrical power depends on two ways of measuring it, one 
by its chemical action, tlie otlier by its magnetic effects. In the next two 
chapters wc shall only use the cliemical method, because it relies on relatively 
simple mathematics. On tlie other Imnd, tlie magnetic effects are generally less 
laborious to record. So there are advantages in using either system of measure¬ 
ment. The chemical system is suggested by analogies wliich arose naturally 
out of the pre-existing social context of power production. 1 he magnetic system 
is based on the earlier mechanics of Newton’s period. Although wc slaul not 
use it in this book to solve any practical problems, a brief account of the 
fundamental law of attraction in magnedsm and electricity may lie p to clear 
up difficulties which the reader may meet in elementary textbooks on the 
subject. It will also illustrate an important leature of scientific discovery. If 
it proves difficult, the reader need not be discouraged. The rest of tins book 
docB not depend on it# 

Fruitful generalizations in science are sometimes the result of piecing together 
several more restricted rules suggested by direct experiment. Newton s umvcrsal 
gravitation is a rule of this kind. Experiments on falling bodies, on the inclined 
plane, on the pendulum, and on projectiles, suggested a sequence of smiple 
rules wliich approximately describe tlie circumstances of relatively slow 
terrestrial movements when there is little friction. They arc also able to yield 
results of veiy high precision when motion occurs in a vacuum without solid 
contacts. Newton’s hypothesis combined them in a morc^ pncral rule which 
describes the motions of celestial bodies in empty space. The wave theory of 
light gave us an example of anotlier way of discovering laws (a nature by 
testing a "hunch” suggested by analoiy, Sdentific laws discovered in this way 
are liable to mystlly us, because bfwks on science do not always explain hovv 
the discoverer gets bis "hunch.” This is particularly true about the law of 
attractions in magnetism and frictional electricity. The design of experiments 
first made to test its truth would never occur to anyone, unless he already liau 
a strong disposition to believe it. Clonfidcncc of this kind is a common feature 
of sucecssM experimentation, It is not explained by calling « mspiration, 
genius, or intuition. On closer examination it is usually seen to be rooted m 
die social experience and tradition of the scientific worker, tlie grwc m winch 
his intellectual interests run, and the apparatus of symbols which he has been 

trained to use. , , , 11 , 

The first stage of speculation on the motions of the planets took place wnen 
the study of magnetism was beginning; and the analog of the carA s terrestrial 
magnedsm to the central attraction which keeps the ptoets moving m curved 
orbits was raised in the earliest discussions of gravitation by Kepler and ms 
contemporaries. The analogy is not complete, because the pull of terrestrial 
gravitation applies equally to iron and to non-magnede substances, bo mag¬ 
netism is not responsible for the motion of the heavenly bodies. Newton s 
theory attributed the attraction between the planets and the sun to tlie influence 
which any piece of matter lias on another, Tliis is in direct proportion to its 
mm when the distances arc equivalent. Odierwise the effect^ dii^shes m 
proportion to the square of the distance. Put in symbolic form, with the symbols 
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m for one mass, M for the other, D for the distance, and F for the attraedve 
force between dieir centres it is, 


or, if G is a constant for all circumstances of gravitational pull 


F-G 




In Newton’s theory the force exerted on 1 unit of mass by a body of mass M is 


G 


M 

■d« 


This is called the strength of the gravitadonal field at any point on die surface 
of a sphere of radius D about the centre of M. Newton’s Mowers, who 
devoted themselves to elaborating the theory of gravitation, introduced a 
number of such measures for mapping out the intensity of a gravitational 
field. 

So when the study of attractions took a new turn at the end of the eighteenth 
century, scientific workers were acaistomed to think of attractions in terms 
of the inverse square law, and mathematicians had elaborated a variety of 
ways in wliich a law of this type can be tested. Though it may not be the first 
rule which we ourselves would test, it was the first one which they would 
try out. Tills being so, the apparently devious route by which the tru& of the 
law is established as a basis for measuring magnetic phenomena was not such 
a miraculous process of guesswork as a formal statement of the reasoning 
involved would tempt us to believe. Calculating devices, such as "surface 
density,” “potential,” and “field strength,” were introduced into the study 
of frictional diarges and magnetic attractions by analogy witii corresponding 
ones in the mathematical elaboration of Newton’s theory. All that remamed 
was to adapt one or anotlier aspect of the theory to the limitations of experi¬ 
ment, The chief limitation imposed on experiment by the nature of magnetic 
phenomena is that two opposite kinds of attraction are inseparable. 

In magnetic as in gravitational attractions crude experiments show that 
we have to deal with two different aspects of force, For instance, one and the 
same magnet placed at right angles to the magnetic meridian deflects the same 
compass needle more when it is moved nearer to it, and less when it is moved 
further away. This shows that tlie attraction depends on distance. On the 
other hand; different magnets of tlie same size placed in tlie same positions 
may produce very different deflections. At the same distance apart some 
magnets are stronger than others, just as large masses have more attractive 
power than small ones. We may express this by saying that the magnetic power 
of one magnet is greater than tliat of another. 

The next thing is to decide how to measure this magnetic power. If magnetic 
attractions were of one kind only we should be tempted to test out a law of 


* Since F is 081 dynes per gram at the earth’s surface (see p. 268), and the distance 
of the latter from the earth’s centre is 6*36 x 10“ cm., and from experiments like 
shown diagrammatically in Fig, 189 the mass of the earth is found to be 6-94 x IQ ^ 
grams, the value of G in the international system of grams and centimetres is, 

(6.36)»X1Q»X^_981 ^ 

6-94 X 10*' 
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we must t-al! die pie stmigih of the south-wking pic *7 

of the nordHCeking pie of the wnc nuipet 1- w«. Actwduii tt ^ 
tiitloii wtdogy the fora between two north pta d ^ 

wtittkl then be 1' fttiMb the force between two soutli jkuW <Ws» 

Tl d:te 

soutltpole -■?% tmd a nuttlt i»lc i mt, or « north pic i' «r, 

T of I tm. would k'.«% X - 




[gag 




'.tilii), a i:«uj>ie litas t«i tlie two polcii except when it lies along the irua'idiim. When 
it ihk'S so, the coujdo is /t;w, aiKi tlie needle can only he at rest wlu;n this is so. 
h’ig. ;i«i< idiows that if tiie hori;?inital cmTiponeiit of the earth’s held is H, and 
(he pole strength and length of the magnet lietvvem the poks are m and 2L 
respeeitviiy, then tlie momcnl arting on tlie magnet when it is dtilected through 
an angle a m ifoil.H sin m 

In practice the position of tlie poles is mtlier indeiinite, so thill it is impossible 
til determine m or Lit, exactly. ‘I'lu; pnuiuct tliwt. or mu‘pmik nument (M) of 
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a raamw can however be determined, and may be dehned as die couple that 
would act on die magnet when placed at right angles to a field of unit streng , 

so that sin a and H arc both unity. j ..u » 

The field strength F at a given point is the resultant force exerted at that 
polt!on a pole of unit sttengtli, by the attraction and repulsion of the wo 
Boles of the magnet. Fig. 326 shows how to calculate the value of F in two 

Utlora. In position W tho unit pole is fa line 

Lmet If M is the magnede moment of the magnet and D is the distance 

SS ti “niddle of tta magnet md the uni. pole. 4. field sneng* « the 

latter is given by 

2 MD 

^ (D» - V)* 

or where D is great compared with L 



FIG. 320 .-~A COMPASS Needle Rotating Horizontally in the Earth’s Field 

HHl. die h.*on..l fore, oftheemh'^™^^^^ 

ot the P J’m® These forces are numerically equal, anda« in 

forces $q tliey consdtute a couple like a pair of wei^ts 

referred to m E between the poles. There will be no rotation when the 

where L is Mt le when AB is zero. That is to say, the balanced 

SSn i. «»■ ’<f»'”>“'**» ‘ 

the stam gw. 

In position (b), where the axis is at right angles to the line joining the centre 

of diebar inagnet to the unit pole, the field strength is given by 

,. M 

or where D is great compared with L 


We can compare the field due to a magnet widi that due to 
placing the magnet at right angles to the magnetic meridian md mosuring 


The South Pointing Instrument 665 

the deflection of a suspended magnede needle placed in one of the two positions 
in Fig. 326. In either case we find (Fig. 327) ^at 

F = H tan a 

In position (a) 

F - ^ (approx.) = H tan a 
M D» 

In position (b) 

M 

F = — (approx.) = H tan a 
M 

||=D*tana 


We can use eidier of these formulae to test die law of inverse squares or to 
compare die magnetic moment of two magnets, if the law is taken to be correct. 
To test it we have merely to observe the anplar deflections (a^ and of the 



Fig. 326 

These two diagrams show how to calculate the strengtii of the field exerted by a bar 
magnet on unit pole, assuming that the inverse square law is correct. In posinon (a) 
the total force acting on unit pole at 0 is 

tn m 4wLD _ 2MD 

« (D, _ L»)*" (O' - L“)^ 

tH 

In position (6) the attractive force may be represented by OP = and the re¬ 
pulsive force by OQ = The resultant force is OR, parallel to the magnet. 

^ ^ OR NS 
Since OQR and ONS are similar, Qq j^Q’ 

. „ NS.OQ m.NS^^ M 

“ ^ ” ~NO“ ” (NO)» (NO? 

But (NO)« = D*-h L* 

■ . V ^ — 

'• ^ (DH U% 
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ncdlc in position («) when ilie distances of the middle of the magnet from 
the pivot are l\ and 1);,. In this position the approximate lormula gives 

D,“ 

Y tan fit"y tanas 

IV tan«8 
iV ^ tan 

m condusta is t* ittht tawof inww sci«« is '‘‘.r'''X' 
man sta tint it is m.c tta law of mvetso «q»tM ^ 

law mute sevetdv wc slwdd use ik lonnula la its onKiaal form and use 



I 

I 







™ 

M Mwnet .t ti# .ngle. to dieW aid wliK kd. pole, to te wid. tte 
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angular deflection in the first and in the second position, the approximate 
formulae show that 

tan % = 2 tan a, 

According to the approximate formulae the relative magnetic moments 
(Ml and Mj) of two magnets placed in the same position at tlie same distance 
ftom the needle which settles at an angle ai from the meridian for one and 
flj for the other are 

Ml tan fli 
Mj| tan 

It is not possible by tliese methods alone to get an absolute measure either 
of the magnetic moment of a magnet, or of the horizontal component H of 
tire earth’s field. To do this we have to make use of another fact relating the 
magnetic moment to the strength of the earth’s field. If a magnet is suspended 
horizontally by a thread it will come to rest in the magnetic meridian. If it 
is now deflected from the meridian through a small angle it will turn back¬ 
wards and forwards over the meridian. If the period of vibration is T and the 
moment of inertia of the magnet is I it can be shown that* 


MH» 


4j?'*I 

“f* 


If for a given magnet MH has tlie value A and g (by one of the other two 


methods) has the value B, then M «® ^ zy §* 

A law identical with the law of gravitational or magnetic attractions also 
holds good for electrical attractions, if we substitute e representing “charge” 
or “quantity” of electricity for >» or quantity of matter, and h for the gravitation 
constant in tire Newtonian formula. The field strengA due to a charged body 
is then 


h 

r* 


This is tire force with which a unit positive charge is repelled, and the use of 
the negative sign for the negative charge indicates that a unit positive charge 
would be attracted. If we define unit charge so that the field strength is one 
unit offeree {dyne in the gram centimetre system) When the distance from the 
centre of the clrarged body is uirity (i.ez F “ 1 dyne, when r = 1 cm. and 
0 « 1 unit of charge)^ and when tire medium is air, ^ 1 and F ««-r ■ 

The law is dlfificult to prove by a simple expejrinient. Altlrough we can separate 
negative and positive charges, they generally leak away. That is to^say, a 
charged rod placed over an electroscope will not produce as big a deflection 
after the lapse of a relatively sliort period of time, As with magnetism, tlie 
demonstration of the law Spends on verifying various indirect inferences 

borrowed from mathematical elaborations of gravitation theory. 

* Sec pp* 274 and 294. 
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An indirect test of its truth was already at hand at the time when Benjamin 
Franklin's researches were carried out, In his great treatise on the principles 
of motion Newton amused lumself by working out several speculative appli¬ 
cations of his theory. One which had no practical bearing at the tune was the 
paradox of a hollow planet, In eifect» Newton asked what would happen to a 
man who fell into a hole at the bottom of a mine if the earth were an enipty 
shell containing no matter below a certain depth from its surface, Our hrst 
impulse is to say that he would rush towards the centre of the eartli and 
tlien come to a stop. On second thoughts we recollect that lus speed would 
carry him beyond it till tlie opposing attraction reversed his dircctionj settmg 
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witlr the same vertical angle are proportional to the squares of their heights 
(R and r). Hence M ; w :: R”: r’ 

M = mR* -r r* 

According to the theory of Newton, New York pulls the miner with a force 
GM -r R® per unit (body) weight, and Cape Town pulls the miner with a 
force Gw -f r® per unit (body) weight. Since M = mR^~ 

GM - Gw -r r** 



up a to-and-fro motion. Neither of these conclusions is consistent with Ncvwon s 
theory. The surprising thing about gravitation is that tlie man should not 
fall, when he stepped tlirough the hole. He would have no acceleration, bo it 
he jumped he would sail steadily through tire void at a comfortible fixed 
Speed* 

Newton’s argument can be followed with the help of Fig. 328, wliich shows a 
spherical sheE of uniform density, so that the iMsses M and w of any m 
small circular patches on its surface arc proportional to their Mcas A and a 
(i.e. M sa A :n), If die patclies arc small ones we can consider thM to 
be flat, as we shouli consider the areas covered by New York and Cape Town 
to be flat. We can therefore imagine that each is Ae base of a wae with the 
common vertex at ft where our Imaginary miner is situated, wd wm^remam 
stuck unless the mass of the patch of earth (A) covered by New York Qty pulls 
him harder than the patch of earth covered by Cape Town (or me versa), 
Both these cones have the same vertex, and the areas of the bases of cones 


Hence tlie pull of the patch of earth under New York is exactly tlie same as 
tlie opposing pull of the patch of earth under Cape Town. The two pulls cancel 
one anotlier. So tliere is no effective pull toward the centre. Because this is 
equally true of any two corresponding patches, there would be no gravitational 
pull inside a hollow earth. In other words, the behaviour of die imaginary 
miner would be the same as if the earth’s shell were not made up of matter. 
The important thing about the hollow earth paradox for the theory of electrical 
attractions is that this conclusion would not be true if a different law of attrac¬ 
tions applied. For instance, we might suppose that matter attracts matter with 
a force inversely proportional to the cube of die distance. The New York pull 
would then be GM. -f R”, which would be (G»jR* ~ r®) R® = Gw -f Rr®. 
This would be different from the Cape Town pull Gw -f r®. 

There was a good reason for Newton to bother himself with this imaginary 
situation. Newton wanted to test the theory that the law of gravitation applies 
equally to particles of any size. By analogous reasoning, wliich we need not 
go into, he came to the conclusion that the miner’s behaviour so long as he 
remained on or above the surface of the hollow earth would be exaedy the 
same as if the earth were solid. That is to say, he would be attracted to it by 
a pull inversely propordonal to the square of die distance/row the centre. You 
can therefore look on die earth as an enormous number of layers, each attracting 
any object outside it with a force inversely proportional to the square of its 
distance from die same centre, and each exeiting no attraction on an object 
lying inside it. 

If applied to electrical attracdons, die argument on which the hollow e£irth 
paradox is based means that when die outside is electrified, the inside of a 
hollow spherical conductor behaves as if it had no charge at all. This is very 
easy to test, In fact die ice pail experiment has already shown us tliat it is 
true. If a hollow metal ball with a small aperture is mounted on an insulating 
stand, and charged by connecting it with a frictional generator, it is immediately 
discharged when the outside is connected to earth. It is not discharged if the 
inside is earthed. So die inside behaves as if it were not electrified. Since this 
would not be true if a different law of attractions appUed, we can conclude that 
the inverse square law is the correct one. 

It is sometimes stated tliat Cavendish made the first application of the 
Newtonian paradox to electrical attractions. The experiment had been carried 
out some years earlier (1766) by Joseph Priestley. His interest in electricity 
had been stimulated by the influence of Benjamin FranHin during a visit to 
England, when FrankHn also made the acquaintance of Matthew Boulton. 
Franklin, says Miss Turner in her book on the history of electricity, “suggested 
certain problems for forther consideration.... Priestiey showed experimentally 
that when a hollow metal vessel is electrified there is no charge on the inner 



surface. From this he iuferred tlie law of force.” Priestley’s own words, cited 
by Miss Tuniexj are: 

“May we not infer from this experiment tliat the attraction of electiicity 
is subject to die same law as gravitation, and is therefore according to 
the square of the distances, since it is easily demonstrated dint were t le 
earth in the form of a shell, a body in the inside of it would not be attractcc 
to one side more dian luiother.” 


It is not at all obvious how measurements of magnedsm imd_ irictiunal 
electrification are connected with tlie chemical definition of tlie clectnc curicnt, 
iiiicl the reader who wishes to pursue furdier study with the aid of boohs wiuc 
use all three systems of units may find die following hints helpfiil. 

An electric aurent is more quickly detected by its magnetic than by _i s 
chemical accompaniments. Hence there me pnictical advantages m 
the former. The only disadvantage of doing so is that it involves 
mathemarics. 'Die magnede definition of a current is biised on the length ot 
a circular loop of v'irc and the magnetic field strength at its centre when a 
current flows through it. To measure magnetic field strength it is ^ 

know the magnetic moment of a muguct suspended at the centre ot he mip 
and the strength of the eardi’s magnetism. We have seen on pp. lu w 

these two qmmtities can be found. _ 

The connexion between the measurement of the electric current mid measure- 
meat of attractive force exerted by electrified bodies will be easier to see when 
the reader has read pages 72(1 and 759. Wc have seen that the kightncss ot die 
mark and die interval between successive sparks are increased when a condenser 
like die Leyden jar is connected with a frictional machine. Connecting the pctles 
of a voltaic battciy with a condenser has no effect on prolonged decmcal 
changes sucli as chemical decomposidon. On die other hand, a condenser am 
act as a store, keeping up a surge of current, when electric airrents produced 
by a battery only act for a very short while in one direction, i ms a_condenser 
in the “primary” circuit (p. 722) of a shocking coil mcrenses the brightness of 
the spark and the mterval between successive ones, ns with a fnctiomil mathme. 
So the power of a condenser to “store” ekctrifieation can be measured either 
by its effect on tk discharge of elcctrificHdon produced by Irittion or by its 
effect on currents of short duration (intermittent and alternating cuiTcms) 
produced by ii dynamo or a buttery with an automatic interrupter. 

To see how die storage power or “capacity” of a condenser is related to the 
measurement of mecbimical attraction we must follow the gravitation analogy 
a little further, Just ns we measure a steady current ot water by the volume 

4 ». •. ... ffrAn/lV Lli 


which issues from a tap in unit time, wc may measure a steady lukage ol 
electrification or current from a frictional machine by the loss of cmrge per 
unit time. When a positively charged body loses electrification m a measurable 
interval of time t during which the charge falls from Ci to cj, the leakage or loss 


of dmrgc is Cj - e*. So the loss per unit time is (e, c,) "b f. 1 lie volume of 

water which flows from a tap is the product of die current (so defined) and the 
time of flow. Likewise tlic charge which leaks away is the product of the mean 
current and the time, i.e. k •- e,) - d. The work done when a mass m of 
fluid falls through a height k is wk If the density is >« -r p), dus is 
vm% i.e. the product of the volume and the pressure djitence between 
two levels separated by a height h (see p. :i7«, Chapter VI!). When a cistern 
empties die whole volume docs not fall through a distance k 1 he topmost 


Tke South Pointing Insinment 671 

done is equivalent to half the volume falling through the whole distance, or 
the whole volume falling through half the distance, i.e. i‘i){dgh). So if we com¬ 
pare dillerence of pressure level in a cistern to difference of electrical potential 
(IM).), we must define potential so that the work (H?") dime in transferring e units 
of charge across the space hatwem two conductors is 

W « ir(P.D.) 

To press the analogy between electrical potential and pressure head further 
wc have to take account of die fact that electrical attractions are of two kinds. 
If we measure the gravitational potential (Fig. 32;i) between two levels k 
and hi above the ground, the difference of potential between die higher (/ij 
and lower (Jh) level is - k). If on the otlier hand the lower one is at a 
distance hi below the ground level the difference of potential is gQi^ + A,), 
which is the same as ^[/ig - (~ fti)]. Thus, if we call the potential of a body 
witli reference to ground level g/g making die sign positive or negative according 
as we measure the height /i above or below ground, die difference of potential 
between two levels hi and /q is always g(hi - /q). If hi is above ground and 
hi below, work must be done on the water to raise a drop from k to hi and 
work will be done by die water if a drop is allowed to sink from hi to k. We 
may similarly speak of the electrical potential of a charged body with reference 
to the earth, mid signify diat of two positively charged bodies A and B as Pa 
for the greater and Pn for the less. The difference (Pa - Pb) is dien positive, 
signifying that work would have to be done on a positive charge to transfer 
it Irom B to A, imd tlie difference (Pb -- Pa) == - (1’a - Fn) only differs 
in the negative sign to signify that work is done by a positive charge when it 
leaks from A to B. If A and B ai'e negatively charged die difference is 
■" Pa “ (■“ Pn) “ - (Pa "■ Pji)* The negative sign signifies that work is 
done by a positive charge when it is transferred from B to A, i.e. from the 
numerically smaller to the numerically gratex negative potential. 

We can dispense with the hydrostatic analogy if we remember that like 
charges repel and unlike charges attract. If A and B arc positively charged, 
A being at the higher potential, a unit positive charge will be repelled more 
strongly by A tiian by B. There is thus a net repulsive force which has to be 
overcome in taking the positive cliarge from B to A, and the difference of 
potential Pa - Pji is tlie work diat has to be done in the process against this 
net repulsive force. If the potential of A is + Pa and that of B is — Pb, as when 
A is positively and B is negatively charged, the potential difference [Pa — (-Pb)] 

Pa -1- Pb. The potential difference is additive because work has to be done 
in separating a positive charge from the attraction of B and overcoming die 
repulsion of A. When we speak of potential as opposed to potential difference 
in coimexion witli tlie flow of water, we imply die difference of potential 
between the level of a column and the ground level. Since positively or negatively 
electrified bodies discliarge when connected to earth, the earth’s surface may 
also be taken as zero potential of electrification. 

The definition we Imve devised for measuring either the potential of a body 
(widi reference to eaidi) or the potential difference between two bodies in 
mechanical units is not easy to apply. We can do so indireedy by making use 
of a derived quantity. This is called cc/iarify. In using the fluid analogy (p. 670) 
we liave compared electrical charge to the bulk of fluid, potential difference 
to the fluid pressure, and die capacity of an electtically charged body to the 
sectional area of a dstem. The fluid pressure is proportional to the difference 
of level, So the product of sectional area and fluid pressure is therefore propbr- 




Science for the Citizen 


Itaffll to the volume which ft* out ol a tank when tt ^ 

dillVrent sia suid shape have clfcnt powem to *’"SV 

elat.os»i.c wtadtatsedlbr the same fcoRlhomne^ 

imJ we may measiirt this iliUcttnce ot dcctnul upacUi ! 

iire.il ti» pwtliKe iinii incmisc «1 puu*nti;il> Kt> tluit 


iiiul since 


capacity K P.l). charge, 
W - |r(P.D.) 


fte work do* in iitiiiiiilKiaf, the chaese ol a amiluaot with eJiaettS't-" 


So (Idhifd, the cicartal aipadty "f« «»‘i‘«” *f»*i "“'V 
„a *pe and on the quality of the «d 

diidors Whv this is sui can he shiiwn by uihiptuig uit nicut iu • 

in disemising ilic pawdnst of the larllnw phmet. 

itm-fltKf attract (itifi mvolvc the iiitenimscnttn iriMMU 

» Se S 

M tmloBV to which Newton's (aienutoi snmnimes tomed when they. . 
IrSw” One won why the law of inverse ..|.ates then seemed 

,„te the lUMt likely hypothc* to etpliim the ^ 


was he ™S -« n e I ed aptink. Thus >«, i«.«me . ntmte 

lie . tin » "« "1“ ’’f ? 

unit.»(« in ite ncfel.l«m.h.«l of a particle <» the 


the nnntncr (h • ‘ ”’V IV » 1 rat' ttr ’’hires r*5 

r with tte ohicct as centre is 4«r*. It there are«id tte« f 

tec,’* the inmiher which will pa«s 


If they arc, equally ® ■ 
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I 

4 , 7 ., when air is the inediura.* I’hus eac!,r line of fi,*ri;e starts fnan ..units of 

'iTr 

positive or negative ciiurgc. To Hcconnnodate the lltct i>f imluctiou, each line 

, . 1 . . . . . .. s 

th lorce man tn .unn.s ot opposite, i.e. negative or pofiitive charge. 

■Itf 

The avlvantageu of using the tcrretiitiul nuHlel of a strctchei.1 sprin;; iriiiteatl 
of the celestial niodei of moving pliinets are great. Tlic matlannatics of a spring 
whidi 45l;)ey.s I lot,ike’s law is much simpler than tlie muthemalics of a gravita- 
lionsi! held, fiu I-araday, who did not know m(,ire mathcmittics than most reader.s 
of this book, Ufied the stretclicd siiriit)': mutlel. Fly makiii!' each eliarjte the locus 
of 4-7 lines of force we keep the inverse laiuttre law in our units of mea.sure- 
inent, Imt get rid of it as a unit of itlgebraic niiithpulatioii. We have no liilllculty 
iti accommodating imluetimi, whiefi is n new qualitutive feature of electrical or 
magnetic pheiunneiui, because each line of tec begins ami ends in opposite 
t'lturgca or poles. We can visualize the I’clation of our algebraic manipulations 
to the phy-sical phenoinemi at each .step. So wc keep tltern, as it werej closer to 
reality. Flcsitle.s this the spring model is easily adapted to visualize several otlier 
qualitative peculiariiicit of dccirk'ity, which, like induction, liavc no parallel 
in graviytion. For instance, wc can compare a conductor to a fluid in which a 
.'ipring can freely ctmtraci, and a "dielectric” or insulator to a solid in which 
a spring remains exteiided, i.c, tlie lines of force do not moyc freely, so that 
currents arc not act up. Testing this analogy bring.s t(,i our noflec an important 
and at first sm'pri,sing ikt alxmt condciwuni. If we make a amdenscr with 
dctacliablc parts like the Tcytien jar slunvn in Kg. .'llll, wc can take it to pieces 
ami connect titc metal parts without discharging it. 'rhis is expressed by saying 
that the energy of the coiKienser is smed in the dieiectrk. 

Knowing tliis, wc emt easily apply our model to the problem of measuring 
the capacity (C) of tut air condenser consisting of two equally spaced plates 
—c.g. the variable condensers sold for wireless seta. If one plate receives a 
jaisitive dtarge e, the work done in acurnilizitig it, i.c. the w'ork done in dis« 
diaiging the ciMukuscr Is |e(P,lh) «'i- C (p.. 1171!), Knee the energy is 
stored to die medium all the lines of tee pass through it, 'riiere ire therefore 
im Itoci of force. If the ms of each plate is A the number trf lines of tee 
per umt area, i.c, r/ii Jkhi strength at the end cif the iine.s of force, is in 'r A, 
This is the tncdianici! Httraction upon unit ehargs, .So the total pull between 
the plates is (47i P A)e A, If the distance between the plates i.s 

d, tltc discharge of the condenser is cquivaktjt to annihilating lines of 
tec of length d. The work done in discharging the condenser i.s therefore 
equivalent to im average pull of 2wc^ -j" A acting over a distance d, through 
which the Hue of force contracts with an initial tension of 47 a’ -i* A and a 
tow! tcflgion of itro/ilic work done ii thertdbrc (line* T A)i. Hence 
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neiTO urainluig to tlic inedumic;tl vkliniiiim til'ekctrsral putaiiuil 
tuul ciipticiiy, the wiitucity of an iiir conili;n;ier ifi known it \vc ahm tnuw^iw 
arcn of the plates and their thsiinice ai'att. If the tiistance and urea aiv ipvdt 
in centiiueites and square centimetres, the capacity cun be aikulutcd m ic 
international system of units. Sturtinft Iroiu this we aai also wasuve uk 
charre applkd tHwl hie poicniial dilfemiw between the plata. '^^hen a eoi^ 
denser is discharged, there in usually a spaih, and, in any case, heat is pn-feo- 
This heat can iic measured i.ind convened by joule s cquivalait (ji. th..} mu 
mrk unitH. Ihc energy (W) stored in tlic t:ondenser lu therefore known, am! 

is given hy 

A 

•jimt in to say, we can calculate the charge ai>plird hcy.o.^ 

diiccd, the area of the i»lati;s and their disiitncc aiiait. .Smalail’,, w vi •< 


ad since c“ AW-k lltid) 


W-. 




Thai; is to fiity, we um taicukue the poieiiiiai, if wc know tin* iieut of dtucliargc, 
the lii'ca ol the plates tuid tlicir tiistam-t tipatti , ,,, 

Ihis is iin instructive e»t»pk of arguing hy analogy, touse Ji 
tme eisaiiiiil feaw« of mlm h> diiantry. Ihc analogy ii not 

iisiHi'to tell us wdiat ilie teal wmld is lite. 0«ly ohscrviitmn «n wtfly 
kiiowkdat* What we use it for lit to chtwiic touvmiait ways <»f' tncasunuK 
electrical phtmomcna. Apart from mialogy there is no rasim why tiie energy 

wliat iioieiiiiat is* fio wr; are li'ce to tuake it mean whiii we like, Wc nwd ttm 
auMlogy to suggest a dellmtion of potential OTsisleiit with the statoitent tiwt 
the mm of a OTtlettser is |e(IMh). Oaving dehtwd '’clwrgc” m tnethatneal 
units, we then used ffliulogy ui ddimi anotlier i|Miiytr«e«}actfy'-wludi »i 
amnUd with iKith, iitid can he tm’Mited without «t 

detemiifliug a tiKChiinM titiiactwn. flaviug agreed to ddme lM). m tenus 
of work and diiirgc, imd having re-ikliiKd cap.kiiy nt imear amanstons, wx 
aft incasure iMh by UJeastnhig heat prodvieiion ifi the dtsernttge ot a v»,ara«iwr 

ofkiKiwiH'apiit'ity. . i. 

One other (lueiition wiiicli gives rise to diilicullies » how wx ewn ttlatc tire 
ma.taital>'rfKiw..iai'’') i.r airr™t »1 |«In.li:ij m ilirui.il, 

bMcd fflj diaiiit j1 Miivinir, Utcr (f. iHCj iv( slmll s** Hbi ;!»1»« I'mIkihI 

hi ft hftttcry dauit in unit lime is propoitiumd to tiie pro.im.r ot the stmly 
current wid iMd. in chemkal units, In the di:,viun,;c o! a c.mdrnvr the final 
F,0. i'i siwo, 8i> that ilic ineaii Pdh is halt its initial value, iinil the energy 
output in iwii time is therefore I (current IMh) in ek-tirosliitic units. MeavX 
current and IMX have the same rrhuimt to mcrKy in Iwiit sy-tienn, Ku tf we 
defific tettery poteirtial in tenii'i ol t!ir ws.rk iloue wlswi one hattcfy unit of 
tsurfort Itows we scouid, we cftis cakiilate how fiuwy units of littery cttrrturt 
correspond to «««' mcdiimia! or clecitostaiic unit hy measuriftis the hwt 
owductloaift the Ite of a ot«m, If wt measure the a{«dty of i awleiiicr 
by the Keth.od Mated m page "hh, wc to had tot to «pdif d i cm* 
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dwiser is directly proportional to tlie urea of the plates, and invcrfiely to the 
distance between them. ’I'lii:,) strengthens our iielief tliitt clectrilieiition by 
friction and cleeirihcsition fiy clieiniciil deconquaiition are ciualilatively alike. 


tiungs to aiumdrizb 

Unit dtariic is such tliat wlien placed iic a distance of 1 cm. in air from an 
ctpial imd similar charge, it repels it with a force of 1 dyne. 

Vm ficU mtmiih is tlw strengtli of the iield which acts on unit diarge 
with a force of 1 dyne. 

The. pmntkl diifmnce lietween two points is unity if one erg of work is 
dune in taking unit charge from one point to the oflier. One such electrostatic 
unit of potential is ccjuitl to fiUh volts. 

.'i'he capadty of a conductor is immerialiy et|uiil to the ctmrge which must 
be given to it in order to raise its potential hy 1 unit. Hence a conductor of 
unit capacity has its tiorential raised by one unit liy unit charge, It can be 
shown that the capacity, in iwits so defined, of an isolated spherical conductor 
is numerically equal to tlic radius in centimetres. Hence the electrostatic unit 
of capacity is usually called a wntimttre. One mierotarad (is. 7fi8) is equal 
to y X lu* cm. 
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COSTING THE CURRENT 

At the end of the third deade ot the nineteenth centnty tec powers of 
the electtic battery were wcU known. It codd be used to W “ 

masnctic field. (S) heat Bnffident to evoke incandescence, and (c) chemical 
decomposition rf metallic salts. The last made it 
the chemist’s equipment during a pettod of rapid 
factnres which actively encouraged chemical research. The ina^ctic tfert 
wa S tot to be eioW commerdally. Telegraphy was mtrod«d m 
rtwente to use eapanded rapidly in the thirties, mote especially m 
America, where the first electrical invention had been brought into eveqi iy 
aSee. By the end otthe fourth decade of the nineteenth century tenta¬ 
tive efforts ta the commercial aploitation of the heating effect 
rfilluS ton and of the chemical property of theemrent as a device for 
jlSTwrptedous or non-corrosive metals made new demands on 

telegraphy raised few fresh problems of far-reaching 
imoortS^^ ^ ' new need for 

radd communication. No alternative method of signalling over long d s 
tances was available. Electricity had no established competitor in the field 
For tiiis reason, and also because tlie expenditure on current by the tclc^^ 
M SS Mil, the quesdon of costing did not emerge m an acute fom 
!n il ™ undertakings, such as the Maude venuirc, encountemd 

flftw obstacles. Electric lighting and electroplating had to compete wifo a 
nre-existing teclmiquc. The aspiring inventor had to count the cost. s^tort, 
staiidards o^f measurement were indispensable to the commercial exploitation 
of the heating and chemical properties of the current rora c s 
A * nf.r,rtiV(il difficultv which beset early experiments in telegraphy was 

such as Volta s puc, were kcui . ggUgcted on tlie metal 

“^°'''l%°,'S'SkrteeUf VoltJ* pile. The fbmet wat tomroed in a 

electrode. 

The impetus which elecoical research 
ettempB to establish Ttansatlantic commumcauon la a story 
told lata in this chapta. Before this happened tentauve effotta to, use 


Costing the Current 677 

electricity for lighting and plating had been started on a commercial scale, and 
the economical use of electrical power had been explored with this end in 
view. The crudest measurements of the chemical or heating action of the 
electric current bring us face to face with two aspects of electrical phenomena. 
One depends on the wire used for the circuit. The other depends on the 
generator. The heat produced in a piece of wire during a fixed interval of 
time is inversely proportional to its length, and is directly proportional to 
the square of the number of cells connected in series (see p. 698) to make 
a battery. The heat produced in a uniform piece of wire 1 inch long is three 
times as great as tlie heat produced when the terminals of the same battery 
arc connected for the same length of time witli a piece of equally thick wire 
3 inches long. If the same wire is connected successively with the terminals 
of a battery of one Daniell cell and with the terminals of a battery of three 
Daniell ceils connected in series (positive to negative) the heat production is 
increased ninefold. 

Tills rule was first set fortli by Joule about the time when arc lighting was 
introduced in the streets of Baltimore. Joule’s experiments on the heat 
production of the current were part of a wider enquiry which involved the 
determination of the mechanical equivalent of heat, The social context of 
the researches which enabled Joule to compare the running costs of a battery 
and a Cornish engine have been discussed in Chapter XII. Tliis chapter 
will summarize the main facts about the measurement of current, and will 
be based on the methods used by Joule and Faraday in the earliest investi¬ 
gations of the heating and chemical properties of the current. In Joule’s 
researches a clear distinction between three kinds of electrical measurements 
was first made. The units now used, the ampere (current), the volt (potential 
difference or E.M.F.), and the ohm (resistance) had not yet been settled by 
mternational agreement, which did not come about until after the extension 
of the cable system. When Joule and his contemporaries refer to what we 
call E.M.F. they do not speak of volts. At that time it was customary to speak 
of so many Daniells, using the name of the generator for the unit^ itself. 
So, also when Joule deals with the measurement of what is nowcalled rastoe, 
he gives the length of a wire of such and such thickness and material. For our 
purpose there is nothing to be gained in describing his ^scoveries in^ his 
own words. We shall use the modem terms, and first explain their meaning, 
illustrating them by simple experiments of the type which Faraday under¬ 
took in connexion with his studies (p. 702) on electrochemistry. 

It will help us to understand the meaning of the three fimdamental units 
if we pursue a crui analogy suggested by experience of everyday life in the 
age of water power, It has lost none of its usefulness now that we can no 
longer subscribe to a literal belief in caloric or the electric fluid of Franklin. 

The flow of water involves the transference of matter from one place to 

another at a measurable rate. So also when electrodes of metal connected 
with the two terminals of a battery or other steady generator are immersed 
in a dilute solution of an add, metd is worn away from the positive electro e 

(anode) and deposited on the negative (kathode). Thus the most 

decomposition deposited on one or other of the electrodes in unit time. 
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h piicklle fli‘ watcf-whcei will rotate clockwise or anti-clockwise according 
tis tlte overhead ctirreni Hows beyond the centre Iran lelt to right or right 
to left Seen from above, the north seeking |X)le of a suspended magnet b 
turned anii-dockwisc or clockwise according as a wire piaetti lengthwise 
overhead is conneaed to the negative or positive temunal of the hmery at 
the cod teyond the north seeking pole of the compass needle (big. ditij. i m 
the water current and the dcctric current may respccttwly be measureu ti) 
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appHcil to the meiisurcment of clecuical phenomena. If a current of water 
is liowiiig at a ceriain rate, let ut; say .v c.c. per minute through a tube All 
which divides at 11 iuio two branches, the cuntats.y c.c. mid c c.c. per minute 
rccspectivclv llowing throiijdi tlie. two Inunclics are loj.;ctlic*r ccjuivalcnt to 
the current in All, (v ^ ^ v ! ^). Likcwi;;e the ciirrentH flowing in two branches 
of a divitied circuit arc together eciuivalem to the current in the common 
path connet'ti'd m tlie generariir. ‘I'lus can he proved by putting pairs of 



IhiUcfw d' 4 cull*' 

■ 


Ptti, .PttiKariJ 

Appataoifi for slmwinj; how tttt raw «f flow of wwrr 
ftdtl rcsismnec of the miiilow. 'the Mmtr Pc ^ 

an ouUlow almvc,tu any pmanno! ihr thehytl \'ft 

(sr lowering the geiwuitor. 'i ivhk flom h'OK dioir m! n yw Iw 

the omauit. The cutsent h. mesMiud tw the to.f i.{ want m a 
(luring an intcml of nme mcaf.ural with a f.mp-wauJi.Jf tfir d* 

fine w that mier oniv trkkbi dt(,i> hy dioj- rite r ouem is imitaifU 1V f‘8 
presstne head, and deaewd by Mits^smumv a (M^doo mil/ff atw wturnw 
length, 


■ M 330 

The «ti«t of tk currmis through the bmnehea of a dmiiit is equivalent to the current 
vdiich llows tha»u,|li I coniraon path. 

silver ckctfod,es in solutions of silver nitrate in different parts of the ciremt, 
If the nepive cterodes of each “electrolytic cell” arc weighed btfore 
switching on rite current and after switching it off, the weight of silver 
deposited in the two brancha is found to be the same as the weight deposited 
in the wfflmon part of the drcult. 


[Hli] 
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which condiictsi the water away from it. As regards the first, what counts is 
the head of pressure. If the pipe connecting two cisterns has the same dimen¬ 
sions throughout, the current flowing between them is directly proportional 
to the difference between the heights of the water in each. GeneMly botli 
are placed above ground so that tliis is simply the arithmetical diflFerenceof 
their ground-level heights. When one is above and the other below tlie earth, 
the same rale applies, if we measure height above the ground as positive 
disttmee below as negative. If we connect two similar cisterns, each having 
two taps, one at the bottom at lower, and tlie other at tire top at higher 
pressure head or water potential, we may do so in two ways (Fig. 331). If 
connected so that the tap of one cistern at lower potential feeds the tap of the 
other cistern at higher potential, the effective pressure head is doubled, and 



Fie, 331,-GismNs IN “Sehiks” and in “PAmiE” 


the current is proportionately increased. Similarly die electric current 
measured by the amount of chemical decomposition it produces is doubled if 
we replace citlier of two cells which produce the same current by a battery of 
two cells arranged so that the positive terminal of one is connected with the 
negative terminal of the other. So if wc call the electromotive force or potential 
difference between the terminals of a single Weston cell 1*0183 volts, the 
E.M.F. of a battery of two Weston cells connected “in series” is 2*0366 volts, 
Putting C for current measured in amperes and E for the potential 

' CccE',' ■ 

The water current which flows from a dstera out of a capillary rabe does 
not merely depend on die pressure head. It also depends on the dimensions 
of the tube. If the lube is narrow, i.e. if its sectional area is small, the amount 
of water whicli escapes in unit time is smaller than if the tube ts wide. It is 
also smaller if the tube is a long one than it is if the tube is a short one. If the 
terminals of the $am generator are connected to electrodes dipped m a 
solution of silver nitrate, the current (i,e, amount of silver deposited in umt 
time on the negative plate) also depends on the length and thickness of the 
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wire in thesame way. The current is decreased if the length of wire isincreased^ 
and increased if thicker wire of the same length is substituted. Exact measure¬ 
ment shows that the current is directly proportional to the sectional area of 
the wire, and inversely proportional to its length, i.c. 

Ccxfl// 

If Ija is large the current is therefore small, and if Ija is small the current 
is large. So we may regard the reciprocal of the ratio on the right-hand side 



FlO. 332 


By insertion of a metal plug in the key K the current is switched on to 3 silver “volta¬ 
meters” consisting of two pairs of smm silver plates, placed far apart in a dilute solution 
of silver nitrate. If tlic plates arc well separated, the solution is dilute, and the con¬ 
nections are made with thidc copper all the effective resistance to the flow of tlie current 
is in the voltameters. The sizes of the plates and their distances apart is the same in all 
three cells, and the same solution is used. Before inserting the plug the negative 
electrode in each voltameter is weighed, The increase in weight after removal of the 
plug when the current has been flowing for some time, gives the current in each 
voltameter. In the arrangement shown the E.M.F. of the first c?ll (E,) of a battery 
of two cells drives current tiu'ough the lower current meter on the left, the E,M.F. 
of the second drives current through the upper one, and the current in the lower 
one on the right is driven by the combined E.M.F. of both cells. If current is directly 
proportional to E.M,F., the silver deposited on the negative electrode of the last of 
the three vrill be found to be equivalent to the total amount of silver deposited on the 
negative electrodes of the Other two. 

of the expression just given as a measure of the resistance with which the 
PY tf mal circuit opposes the flow. The corresponding law of capillary flow is 
not exactly analogous. The water current is inversely proportional to the 
length of the conduit and directly proportional to the square of the cross 
section. So the ratio / -r a* is a measure of the effective resistance offered by 
the circuit. This h only true if wc,confine our measurements to the same 
fluid at tbe.same pressure, At fie same pressure different fluids do not flow 
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•at the same velocity through the same length of the same pipe. Glycerine or 
XX oil are more sluggish than water. They are said to have greater viscosity. 
The relative viscosity of a fluid is simply the ratio of its rate of flow to that of 
some standard fluid at the same pressure in a capillary tube of the same length 



Fig. 338 

wiles of verv hiEh resistance. All other connexions ^e of thick wire ot rngmycon 
Sve SrS The pSes are close together, and the'soluuona are moderatdy 
Sn all the effective resistance is in the two wiresi In the upper arrangement 
1. of two wires of tire w sectionra arw. 

currents c, and c, in the same rauo as /j and /- The two wires m tue “wcr 

“e Sdie‘same iaterial and len^^^of dt^erent 

current between two points P and Q therefore flows through oj and a,. 


and cross-section. If we know the rate of flow of the stmdard flmd in a mbc 
of known dimensions at known pressure, a table of rdative viscosiues tefls 
all we need for calculating the rate of flow of other fluids when, the pressure, 
the length of the conduit, and its sectional area are specified. 

So also We have to take into aCCCtint a qualitative featofc or me resistan 
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which different condu^g materials offer to the electric current. To do so we 
adopt a common device of physical measurement. On pp. g&o~2 we ieamt 
that the thermal capacity of a substance is proportional to its mass, and that 
the thermal capacities of equivalent masses of different substances'® differ¬ 
ent. We therefore brought in a standardizing factor called specific kat. By 
analogy we can define the resistance (R) of a conductor as the product of 
the ratio Ija which fixes the current when the generator and material are 
specified, and a standardizing factor s called specific resistance to take account 
of the material itsdf, i.e. 

R = i-. 

The relation of the current to the external circuit when the generator is 
the same is then summed up in the statement 

Ccc- 

K 

When the external dicuit is the same 

CocE 

Both statements are combined in the equation 


If the unit of resistance is chosen so that a current of 1 ampere flows through 
a conductor of unit resistance when there is an E.M,F. of 1 volt between 
its ends, C, E and R are each one unit. So k = 1, and we can put 




This unit of resistance is called the Ohm. It is the resistance at 0” C. of 
a uniform column of mercury 106 *300 cm. long, weighing 14-4521 gms. 
If the unit of length is 1 cm., the ratio Ija is unity when a conductor is i cm. 
long and 1 sq. cm. in'cross-section. The resistance R of a amdudor with 
these dimensions is therefore r, and the specific resistance of a metal is the 
resistance of 1 cm. of uniform wire of 1 sq. cm. cross-sectional m&. 

The specific resistance of good coppet at 20° C. is O-OOOOCIl?. A pfcce of 
wire Imm. (0-1 cm.),thick is j X (0-06)> sq. cm. in cross-secdon. So the 

resistance of 1 cm. of copper wire 1 mm, thici: wouId^b^ 

1 X o-ooooon^^ 7 ^ nhm 
■ 22 X 0-0026 


Hence the resistance of one kilometre would be 22 ohms, about 

0 000048 at the same tempemture, Hatce the resistance of a Siam -j 
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(0-01 cm.), tWck and ao cm. long would be about 18 ohms. So 12 inches of 
Eureka 0*1 mm. tliick are roughly equivalent to lialf a mile of copper wire 
1 mm, tliick. 

The rule C = E -r R is called Ohm’s law. The importance of it lies 
partly in the fact that the direct measurement of current is laborioiis and 
generally inaccurate. Exact measurement of E,JV1.F. or resistance is much 
simpler. Ohm’s law tells us exactly what current we shall get, if we know the 
E.M.F. of the generator and the resistance of the circuit. To design a circuit in 
wiiich a current of known strengdi flows we only need to know how to find 



Fig, 33‘1.~-Combined Arsamgbment for Dmmonstkatinq Ohm’s Law 


As in Fig. 333 the whole rcslslincc of the circuit except me three wlrc^ the Resist¬ 
ance frame is negligible, if die precautions tliere stated arc taken. The epent is 
measured cliemically at ited resistance when die first cell is used alpc by 
mctelpluKs in A and D, when the second is used alone by inscr^g plugs ta B and C, 
and when both cells arc used by putting plugs in A and C. This shows that the 
due to generators in scries are additive. By inserting plugs m a tdone, a and a pi 
b and /the sectional area of the resistance is varied. Its length is varied by moving 
die met^ slide. 

the B,M,F. (volts) of the generator and the resismnee (ohms) of the droflt 
To determine E.M.F, or resistance, once we have decided on a standard 
of E.M.F. (e.g. the Weston cell) and a standard of resistance (a mercury 
column), we only need to know how to compare a generator of unknown 
H.AiF, or a oremt of unknown resistance with the s^ndard. Ohm’s law 

shows us how to do cither of these things, 

MBAStMNa RBSISTANCK 

An electric lamp ia a metal or carbon filament protected by a glass bulb, 
which is dther exhausted or filled with an mm gas, Using it cconomiqally 
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means bringing the filament to ±e temperature at which it is My incan¬ 
descent. According to the rule which Joule established, the heating effect 
of a current depends on the square of the E.M.F. at the terminals and the 
reciprocal of the resistance between them. We can therefore calculate tlie 
heat production of a piece of wire, when we know its resistance and the 
E.M.F. applied. If we know the temperature at which the wire becomes 
incandescent and the specific heat of the material, we can therefore design a 
filament lamp suitable for a circuit with a particular voltage. All the additional 
knowledge we need is the resistance of the filament. Ohm’s law tells us how 
to set about finding it. 

The usual metliod of finding resistance depends on an arrangement known 






Fig, 336.--WHEN Resistance is Negligible 

In electrical diagrams lamp filaments, coils, amlatures, and the lilce arc often repre¬ 
sented by a line, as m the figure below. The symbol (here R) for the numerical 
value of the resistance in that part of the circuit is then treated in calculations, as if 
the leads had no resistance at all. That this is justified to a very high de^ee of precision 
is shown by the fact that one mile of copper wire 2 mm. thick has a resistance of about 
8 ohms, as compared with the 1,000'Ohm resistance of a 40-watt lamp for a 200-volt 
circuit. 

as Wheatstone’s network (Fig. ,336). Imagine four conductors of dhferent 
resistances connected at their ends to form a parallelogram ABCD, of which 
the points A and C are connected with a cell or other generator of current. 
The current is then divided at A or C so that current at one amperage (Q) 
flows through the resistance Rj and R 2 (i.e. through a total resistance 
4 - Rg) via tlie branch ABC, and current at a differbt amperage {Q 
flows through the resistances Rg and R^ via the branch ADC. If the voltage 

between the points A and C is E, Ohm’s law tells us that 
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It also tells us the voltages between A and B or A and D, (Eab Ead)j 

viz. 

Eab ~ Qi^i ®AD “ ^2^3 

If the resistances are so adjusted that Eab = Ead there is no difference of 






tralranojne&J’ ./'■r 



Fig. 336.—Theory OF THE Wheatstone Beidge 

potential between B and D, so that no current would flow between B and 
D if they were connected. When this is the case 

CjRi=C2R3 


Rs _ ^3 + ^4 
Ri El + Rg 
R3 ~l" R4 „ El -f E2 


This means that if the resistances are such that no current flows , when B 
and D are connected 
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Suppose therefore that you vrant to Imow Ro, and tlmt you aiready know 
Ri, wWch is your standard resistance. Ail you have to do is to find a 
combination R 3 and R,j, which lets no current 0o\v when B and D are con¬ 
nected. For this the instrument usually used is the “WTieatstone bridge” 
(Fig. 337). It consists essentially of a thin unifonn wire, AC, of high resist¬ 
ance mounted side by side with a scale marked off in millimetres (or other 
conveniently small units). The ends A and C are connected with a thick 
broad metal plate having two gaps with terminals to which the unknown 
resistance (U = R^) and the standard resistance (S = Rj) are inserted. In 



Fig. 337.—Wheatstone Bridge Fitted to Measure toisrANCE of a Lamp , 

the m i ddle of the metal junction between U and S a terminal is inserted 
at B. Owing to the thickness of the metal junction, of which the resistance 
is npgligi hlpj all the measurable resistance in the limb ABC is in 0 and S. 
A and C are connected with a geneiator. The terminal B is cnnnected witli: 
one terminal of a current detector such as a gdvanometer {p. 706), which 
registe|s the presence of a current by the deflection of a needle or wire. The 
other terminal of .the detector is connected with a tapping k^, which slides 
alongside of AC. At some point D aloi^ AC no current wiU flow through 
the detector when the key touches the wire. At this point, 

U_R, . 
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Since the wire is of uniform thickness and material the resistances Rg of 
AD and of DC only depend on the lengths AD and DC, which can be 
read off on the scale, so that 

n DC 

Thus ff no current flows when the tapping key is 750 mm, from A and 
260 mm. from C and the standard resistance is 10 ohms, the unknown 
resistance is 

10 X ™ = 3-3 ohms 

In practice a convenient arrangement is to use die alternating current of a 
shocking coil as a generator, imd a pair of headphones as a detector. When 
headphones are connected with an alternating current a buzzing sound 
occurs. When no current passes there is silence, and all you have to do is 
to slide the tapping key to the point D on the wire where no sound is heard, 
If you then know the resistance of the circuit and the voltage, the current (C) 
is calculable from Ohm’s law, since C -■ E -r R. Thus if the E.M.F. is 
no volts at each point in a lighting circuit and the resistance of a lamp is 
220 ohms, the current which flows through it is 0-5 ampere. With the md 
of the Wheatstone bridge we can test the truth of Ohm’s law by comparing 
die resistance of conductors of different lengths, thickness and material 
without recourse to protracted chemical measurement. 

You will notice tliat the definition of the standard ohm specifics the 
temperature at which resistance is measured. Resistance does in fact vary 
with temperature, though not gready within the customary limits of room 
temperature. This fact is used in determining very high temperamresj By 
measuring the resistance at different temperatures registered by an ordina^ 
wire we can ascertain how mucli die resistance changes per degree, and in 
diis way we can use the resistance of a wire to measure temperatures beyond 
the limits at which ordinary diemiometers, depending on expansion of a 
fluid or gas, cease to be workable (sec p. 678). The resistance of a few sub¬ 
stances is also affected by light. This is characteristic of sdmium, an elemat 
allied to sulphur. So it is possible to reproduce differences of light intensity 
as differences of current strength. 

Mechanical vibrations associated with audible sound are^ converted into 
current vaiiadons in the microphone or telephone transmitter. The con¬ 
struction of the telephone transmitter or microphone depends on thc^fect 
that loose contacts between conductors naturally have a high and variable 
resistance. This is because vibrations bring contiguous surfaces into contact 
or separate diem. For this reason temunals should always he flmffy screwed 
down. The transmitter of a telephone is a box of which one face is a fleJdble 
diaphragm, The latter responds readily to sound vibrations. The carbon 
granules lying against the opposite face are connected, like the diaphragm, 
in series with the circuit. Between the two the space is lighdy packed with 
carbon panules forming a loose contact. Each mechanical vibration produced 
by the voice or an instrument therefore produces a change in the resistance 
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of the circuit, and in consequence a corresponding fluctuation of the current 
when a steady source of E,M.F. is supplied by the generator. 

Since the heating effect in a circuit is greatest where the resistance is greatest 
the high resistance wliich develops at a loose contact can be used in anotlier 
way. Electrical welding depends on the production of intense heat at the 
interface between two pieces of metal in loose contact, when a strong current 
flows across it. 




KO, 338,—Tmphonb Recewbr (or Loud Speaker) Above, with ^gnbt (^), 
Coil (G) and Iron Diaphragm ®). Telephone Ti^smitter (^crophoot) 
Sow, TOra Carbon DiAirauGM (^ with Terminal T^ anp Carbon 


THE MEASUREMENT OF POTENTIAL 

Two methods of measuring potential or E.M.F. are commonly used when 
the current supplied is direct and steady. The first is the voltmeter. We 
have seen that a suspended magnetic needle is deflected by a current flowmg 
paralid to its wis as in a railway telegraph, and it is easy to make a sme 
Slowing how much current corresponds to how big a deflection of the needle. 
Such an arrangement is called a galvanometer. The scale divisions can be 
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graduated by ao. arrangement shown in Fig, 340. The same current from 
a battciy of known E.M.F. passes tlirough (a) a variable resistance which 
is a wry thin wire of uniform thickness and low conductivity with a shdmg 
contact P; ( 6 ) the galvanometer; (c) a “voltameter” of two silver electrodes 
dipped in silver nitrate. The negative plate of the latter can be weighed at 
fixed intervals. The steady position of the needle on the scale is noted during 
each interval, and after each weighing the current is varied by moving the 


&U witli EMf. I-Svoh &ll M Ejft 1-5 .A- 

(iiilfn’rwl lolnn) [intmid cecndaiicd i oim) 



0*25 unipfL 


^^cumd0'02pn!ps 


liitovialrastes atojKirff® iefmii rastl* 

£m1: mmvilln EW.E 0 « 9 »a.-; ffl.K HV lute 


Total feiuice 

i'5 w!i'i 


totd'Rmdiiim 
51 dim;; EMT hfjvdf^ 


Fio. 339.-E.M.F. 

The B.M.F of a cell is the total E.M.F. required to drive die fwie cu^ 

A to B through the external circuit and from B to A tluoui^ S 

3 I’l cfo«d. With a current meter we can meMure tS 

rfelivers first with one resistance (e.g. 6 0 imsh tlien with another (e.g. 00 ohms^. If ^ 

£S rKSrS lAV HM.R I. E ffldft. two mtml ,mmm 

successively used to give a current Cjt and Cj are Ki ana Kj, 

Ci(R, + r)«H-C»(R, + »‘) 

The value for r so obtained show that tlie voltage of the 

which is available for driving the current through the 

and the voltage for driving the same current through the ext<^ resisme^ mt 

is to say, Ohm’s law applies to the whole circuit 

of the exietnal circuit approaches a limiting value equivalent to the 

cell, when the resistance of the estemal circuit is large and ^e current consequently 

'"^SjSll the calculations in this figure by applying Ohm’s law m all ports of the 
circuit. 
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sliding contact P, which increases or diminishes the resistance of the dreuit. 
We can thus mark off scale divisions corresponding to so many amperes or 
fractions of an ampere. 

Although an instrument calibrated in this way would not be suitable for 
finding the current ordinarily flowing in a circuit because its own resistance 
would reduce the current, it can be used as a volimter between any two 
points in the dreuit, when its terminals are connected to them. All we 
need to know is the resistance of the galvanometer itself. If this is G, Ohm’s 
law tells us that C = E -r G or E = CG. That is to say, each scale division 

buikiy of 4 cils 



Fig. 340 

Calibradug a galvanometer by current produced when the resistance 
of the dreuit is known. 


corresponding to C amperes must be multiplied by G ohms corresponding 
to the resistance of the galvanometer. This gives us die correct value 0 
B in volts. To get G we have only to put the galvanometer m place ot me 

limp ill one am ofthemeatstoM bridge shorn in Fig. 

(Slibrating a galvanometer by its chemical acnon is laborious and tobl 
to inaccurate beanse of fluctuations in the value of the curtent. In 
it is therefore better to have an independent way of nMurmg voltage, to 
a tetmSevice is called the potmtiometet. This consists of ™ eisenii^^ 
patTa uniform wire, .which has its terminals connected to the tet^s 

of a ionstmt source of voltege, e.g. an ^utor^dhas a 

like that of a Wheatstone bridge, together with a 
ribflnnmeter but as it is only used to detect current, it need not be gradu¬ 
ated acwratelyj’or, indeed, at all. All that matters is that it should be sensmw 
to very small currents. The use of the potentiometer depends on an analogy 

between the flow of electricity and the flow of water. 
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A |)i|5i offcw resistance to the flow of water, and there is a continuous 
drop (Fig. Ml) of pressure head along the length of the conduit from s 
cistern while water is flowing out of it. With a galvanometer wc can show 
that if A and B (Fig. 342) are two points on a wire carrying a current, tlicre 
is a continuous drop of ixrtential between A and B. That is to say, the 
defiettion is always less when the terminals are connected wiA A and C, 
any point between A and B, than when they are connected with A and B. 
If the galvanometer has been graduated in scale divisions corresponding to 
volts, IS described above, the voltages are proportional to the resistances 
between the two points to which the terminals me smached. So if the wire 
AB is of uniform thickness and material the ratio of the voltages Bavi tl'Ac 
is the ratio of the distances AB : AC _ . 

If wc liiive ftpt satisfied ourselves that Ohm’s rule is correct, by testing 

—-- 1 ■■ f ..— 



Fm. ?!« 

Drop In prt'iMJt'c heiid of ilowintt wiitw, where a liigh ivsislance in iiisertetl. for piif(se:e:. 
of ilhiimaiimi the lifiitlittits arc c.*saggc«teti. 

the re.sistance of measured Icngtlw of wire on a Wheatstone’s bridge, it is 
not actually accessary to perform the experiment vicscribcd. The conclusion 
stated follows from it, if Ohm’s law is true of every part of a circuit in which 
an electric current (e) ikiws. Thus, if AB is a wire ol uniform thickness ind 
material connected to a battery at each end (Fig. MB) the E.M.F. (Ei) 
between two pointt A and B separated by the length A of rcsistina Rj is 
cRj, and the E.M.F. bewcen two points A and C, separated by a length 4 
of resistance Eg is cR|, so that 

K,,:iv^. RitRg 

Siacfi the thickness is unifonn the ratio 

' hi4*4 

The, principle of the .ptMcntiometef is illustrated in 'Fig. M3,, if two 
gcneritors with the same E.M.E ire ioined by ‘‘lik’* leiminali {+, to 4* 
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or — to ~) a current detector will register no effect. If they are not of the 
same voltage a small current will flow, and it will be approximately the same 
as the current produced by a generator whose voltage is equivalent to the 
difference between the voltages of the cells. If (see lower half of Fig. 343) vve 
connect the positive terminal of a standard cell of known voltage to the posi¬ 
tive terminal A of the potentiometer wire AB, and its negative terminal to 
the negative terminal B, current will flow round the circuit including the 
standard cell, when its voltage is less than the E.M.F. between A and B. 



Fig. 342 

Drop of potential in a circuit between two points A and B. 

This will be shown by deflection of the magnetic needle in a galvanometer 
placed in series with the standard cell. At some point P tlie voltage between 
A and P will be just the same as ihe voltage of the standard cell, and no 
current will flow when die cell is connected with P instead of with B.Tf dne 
terminal of the standard cell is fixed at A, which is connected wradie battery 
of the same sign, the other can be connected to the wire by a shdmg 
key, and by tapping the latter at intervals along the wne we can M Ae 
point P situated at a distance A from A. When the standard cell of E.M.F. 
S has been tested, a cell of unknown voltage (V) may be tested in the same 
way to find a ’‘null point” C at a distance 4 from A. Since the voltages 
Eap and Eac are in the same ratio as the resistances of AP and AC, 

S:V = A:4 
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'rhe potentiometer method is based on Ohm's rale, ed does not reqimc 
the use of a galvanometer graduated in volts. So it m be used to 
the voltage between two points which give a parncular d^n 0 tbe 
galvanometer when connected to its teraunals. Hence it can be dapte^o 
graduate a voltmeter directly. Having settled on a simple method 
ing voltage (E.M.F.), ohmage (resistance), and hence, t^idiiedy, of W 
amperage (current) wMiout recourse to the labonous method of 
analysis! we may now examine the various charactenstics of current eleematy 


,x 



y>x 



Fio, :ilS,‘-PitlNCtW.l! or TUB PU'niNTloMETm 


and tlie m. to which they »e pt. The most mtpownt» W * 
effect, (i) the cbeimcal decoropositioii, (c) 

dSry thK.«gh . g»m medium. The tot of these wili be ieft uU te 

next chapter. 


TilE HEATING BEEECT 

If the voitage suppiied to. ctemt is ted, Oto’. Kw tells m tot te 
ament which flowftoough it ofit. W 
into the circuit. Thus long fine hot insmed between ‘ 

cell and electrodes dipped in a solution of silver nitrate result in ^ . 

of less silver than woilcl be deposited if the electron 
the battery by short tbich wires. In the same way (Fig. 3^1) a narro p P 
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inserted in die outflow.from a cistern greatly reduces the rate of flow. Resist¬ 
ance to an electric oirrent or to a water current entails loss of power to do 
mechanical work, or to produce chemical and magnetic effects, and, as we 
should expect from the Conservation of Energy, this is associated with the 
production of heat. The heat is increased if a battery of several cells is substi¬ 
tuted for a f jinglfi cell, and the ament which flows is then, of course, greater. 
Hence the heating produced by a current depends on the strength of the 
current and the resistance encountered. 

In the experiments already mentioned Joule found that the mechanical 
work done by an electric motor driven by a battery current, and the heat 
produced by the same current during the same time interval, are both 
proportional to the resistance of the wire and to the square of the current 
strength, i.e. 

ffl C®R, where ^ is a constant. 

Since C = E f R, we may also write this as 

or m«EC 

It is easy to test this rule by means of apparatus such as Joule used (see 
Fig. 344). With the exception of the silver current meter, the parts be 
bought in a departmental store. For home-made outfits a secondhand 
ammeter may be substituted for the chemical one. ' „ , 

The form of Joule’s law is not surprising, when we recall how_ mrgy is 
measured. The loss of a definite number of work units is associated (see 
u. 606) with the production of a fixed number of calories. If a water current 
makes a water-wheel rotate, the mechanical activity in a fixed “ 
time depends on two things. A large bulk of water at a ^ 

as effective for producing work as the same bulk projected at high pressur. 
Conversely a thin jet projected from a hypodermic needle is less effective, 
than a copious stream at the same pressure. The rate of ® 

both on fluid pressure and on rate of flow. So if we are loo^g for iMts 
to connect the measurement of heat with the measuremen 0 _ 

changes we should expect to find that heat production in unit time depends 
on the product of voltage and amperage. _ 

The product EC (or what is the same thing C% or E -r R) is c^ie 
the dectrical power of the circuit. The unit of eledm^ differ- 

the electrical power of a circuit when the terminals have a potential dm 

S™ d 0 * »p«e 

shorn tot to heat pioduction is 0'239 cabne per second. Hence 

M9)-=lXl 

ii=:4T8. 

■m mrn tot wh« to hew ptodnetion W of the« “ ™ 
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mH, which is thus the unit of electrical power tt weh. 
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and current at the same dine. For example, a lamp may be marked 50 W 
110 V. SinceW-F-fR, 

R ( 1107 '-r 6024:2 ohms 

And since W E C 

C~:5()-r 110==0-45!imp 

Thus a lamp so marked has a resistance of 242 ohms, and when connected 
with a supply at 110 volts uses a autent of 0'45 amp. 

You can now calculate the heating posver of an electric stove from the 
electrical power which it delivers. If you turn back to p, 694 you will see 
that 1 watt represents 0'0r)7 B.Th.U. per tnifiuie. lo bring a kettle holding 
(me pound of water from room temperature (say, 02'’ F.) to boiling point 
(212' F.) you have to raise it through 160“ F., and hence require 160 B.Th.U. 
To boil a pound of water in half an hour you will be using up heat at 
160 V 20 - 6 B.Th.U. per minute. Since 1 B.Th.U. per minute is equivalent 
to i -r 0*067 watt, the electrical power required to boil one pound of water 
in half an hour is 6(1 0*067) - 8B watts. 

One important thing to nodee about tlic heating effect is that it is not the 
same in all parts of the circuit. It is greatest where the resistance is greatest. 
You can get a clear picture of what is involved in a “short circuit’* by applying 
the cleetriqil equivalent of heat production to a concrete example. Suppose 
all the wiring from one “point’* in a house circuit supplied at 100 volts is 1 
ohm, and a lamp of 200 ohm resistance is turned on. The total resistance is 201 
ohms. The current by Ohm*s law is 100 201, i.e. 0*6 ampere (approm- 

mately). In the lamp the expenditure of power will be C^^R «(0*6) X 200, 
or approximately 60 watts. This represents approxmiately 12 calories per 
second. The specific heat of charcoal is about 0*26. If no heat were lost to die 
surroundings, this would raise 1 gram of charcoal through 48 C. m 1 second, 
and a cirbon filament weighing about one-fordeih of a gram through about 
2 ,000“ C. in i second. In the rest of the circuit the heatmg^ power_ pro¬ 
duced would be C7R «(0‘6)« X 1 = 0*26 watt, or rougldy O-OO calorie per 
second. The specific heat of copper is about 1/11. Hence 1 cdorie raises 1 
ram of copper through lU C., and 0-06 calorie through roughly 0* 7 C. If 
L coppe/^e conneW A® to the lamp weighed 10 grams, it wodd 
therefore be developing heat at less tlian OU C, per second. Suppose now 
that die ends of the wires touch, so current is dnven dirough 1 ohm gtj 
potential of 100 vote. The amperage is 100. lliis means that theproduction 

of Feting power at the nte of 100= X 1 = . „itta 

on This would raise 10 grama oi copper U10 X 2,d90, or about 
5»' C. io a second, and instantly melt it, inddent^jmg house on 
fire To safeguard against this, aremts ate always fitted wiih fuses, i.e. at 
some point in the circuit a wire with a lower melting point (and rather higher 
StTo to the main wires is inserted. When short dr^tmg oe^s. the 
fuse melts first, thereby breaking the otcoit. The pracuce ol teplaang 

*^^Th7conne)dom rfa house circuit raise another problem which also lUus- 
ttaiM tk use of Ohm’s law. From the two terminals at winch current is 





i'k» Wteii two KMHtaittt'fi (iiul r,|i arc in Hcries (I’ig. 

Witfively with a gencwtor, the whtfe rai«it«cc ofehe drcuii is 
■raised to h tlterdnre rcdutcii. \vh«5 tlie Kutiic 

two rcsistaittts are wmnected i« pitraibl, i.e. sepiiwtdy to the tcnniniank 
the same gciwrator. the result is quite thllcmw. I he total KHistaiue ot t t 
circuit is te than the resistance of itay single bmncli m the cifcuit. ihc 
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Thus ii' is 10 ohm^and is 15 ohms, the total resistance is 150 v 25 
= 6 ohms. 

Suppose, then, that the generator is a storage cell of 2 volts.^en rj one 
is connected to it the cimeot flowing is 2 -r 10 = 0'2 h s'”® 

is connected the ament is 2 -r 16 = 0-13 mp. If however both ate con¬ 
nected in parallel the cuitent which flows ttongb the common able AB 
and CD (assumed to have negligible resistance) is 2 . 6 • amp. 

Imagine that the storage cell is a power station, and you will this see that 
when all the lights of the house are switched on the current which flows 
through the cable connecting your house to a distribulmg stetion is greater 
than it is when only one is on. This means that the heatog effect m me ca e 
itself is increased, and it therefore must be capable of sustaining e es'ra 
current which it carries when a large number of lamps are in use, 

The formulae just given for resistance of conductors in 
lead to an interesting conclusion about the best way to connec ce . ' 

a current is flowing through a cell it encounters the resistoce o ® 

In ordinary conditions of working this is compared with _ e 
circuit, as cells are easily fatigued (“polarized ) if the emm is ^ ® ‘ j 
two cells of the same E.M.F. (E) and internal resistence (r are co™ m 
series (Fig. 346) the total resistance to the current is sm^y 
external resistance (R) and the internal resistant of die tv^o ^ ( ). 
total E.M.F. is 2E, and the current according m Ohm s law isJE (r + h 
If connected in parallel the EJd_.F. which drives the ™ 

external resistance is the same as it would k (E) if only^on 

The internal resistance of the circuit is ^ 2‘ 

ance is R + ir. The current is therefore E -r (R + H or 2E ■- (r + 2R). 

If r is verv small compared with R, i.e. if the external cirOTt has a very high 
icsistanco md the fatnaal tetistmee of the ceB is n^ligiblc by 

S oment is ?E-R when 4e rfs .« co«n=^«es^E , 

or Imlf as Meat, when they are connected in parallel. When the memai resis^ 
SfidITI' have high interf tes^ee» fl.tR. 

3?^ r*triS ..^ wtoflierwconn«edinparaUel.Inpmefl« 

a steady current, the external resistance must be large to _ 

that the remarks made on page 680 hold good. On the other hand, high tension 
to ^ with very high in».ai resbbnee. » At m 

Sculating the cnirent produced A iattet is relevant (see Examples 1 -t). 

cdcnladons of heating Fwer ahead, given i“?““ 
ments involved in designing a suitable flknent fcr an ™ °3f 

,mr and in supplying them with A leqnuhe cunent. The P®]™ ® 

desi^ a lamp is essenMy sinnlai. since white Bght B ptote^^ te 

SKree of the lamp fllament. Lamp filaments ate thei^ie leqimed 

^SchhfebeitmpetatoresAnASlamenG^^^ 

This entails two poblems. The fits is u> P'T* 

This used to he don£b,_evacuatmg A glote V™^ . ta 
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that a very high vacuum is necessary tu avoid any oxidation. An alteinative 
pmcedure is iv> fill the globe with an inert gas, for which purpose argon is 
specially suitable, and frequently used, I'hc otlicr problem concerns the 
best material to use. The filament must have it very high mdting-point, 
and a very k)w specific heat. While working it is condimally losing heat. 
So heat must be continually supplied to keep it at incandescent temperature 

(see p, 57 H). , • 1 ‘r 

The first ckciric lamps had carbon filaments which have a high specific 
heat. Later the mctul tantalum was siibstiuitcd. To-day iunj>steti filtmients 
are used. I’hifi metal has a very high meltingiiohit and (p. 578 ) a compara¬ 
tively low specific heat. Thus a carbon filament lamp gives il• 25 candlqwwer 
fp, 172 ) per watt (i.e. a fkt-wait lamp gives lo c.p.), while a tungsten filament 
will give about fbli candle power per watt (i.e. a flfl-watt lamp giws mughly 
c.p.). Hence the lighting eftlciency of a lamii of the Osmm type is more 
thmi twice ns great afi the lighting efficiency of the uriginanultson type. 
In ilic best gaa 41 kd tungsten lilitment lamps it may lie eight times as great. 
The “half-watt” lamp has an dfidcncy of from U to 2 c.p. per wmt, ana 
bmps givinB as much as fii Kl qi. im niw sohl fa iMKdrolJ use. hor mam 
street lighting lamps of II,IM) to c.p. have replaced the old t.itta 

arc light, _ . . , . , • , r, 

The tmiU rcprebcnis the rate ui which the circuit is working. It corre¬ 
sponds to a ddiniie ammini of heat produced in wiinirae. testing electric 
aupplv, like costing heat production in terms of B.Tli.U,, is based on the 
toti energy consumed, and the total ckcirical energy consumed depends 
on the lime, 'fhe Board t*f' 'i'rade unit is taken as an output of I kilowatt 
(L(lCK) watts) over one hour. Suppose, for instance, fhe charge is let. per 
unit. 1‘his means that Lutiu watts can be used for an hour, or one watt 
an 1 >C used for Id Hit) hmirfi at a cost of one penny. If a Ifoc.p. lamp 
k run off 250 volts at an ampcnw.e ttfO'22 the power required is 2.ai K ^ ■«*.» 
Of m watts kilowatt). The !amj> consumes 0‘iio.7 unit per hour, 
and an thcrefbre be used for 1 : D ■014 1.8 hours tor one 1 his 

is It) V 18 • ■ 2H8 “candle-hours.” A bU-watt lamp can k ran Uir WKJ y 
fit) 17 hours approKimatdy at the expcndiiiirc of one Board of Itade mut 
If used six hours a iLy every d.iy in the year the numlwr o hours'is .1 fox 4 
■■. 2,Hfo, and the co.st at a penny a unit is, therefore, it.,l.fo I') pence,« 
roughly ten shillings. You can rheufore make an estimate of witat your lig ri- 
ing bill should be, if you remember to turn off the switch when you km the 

lust as it is possible to produce heat by an ekctric current, it is ato 
possible to produce an ekctric current by heat. If the two ends of a wire o 
one metal arc joined to the two ends of a wire of another metab a cur^t 
fiow.s through the circuit when the temperature of one juncuon is not w 
same as that of die other, 'fhis is illustrated m big. :Ufi. home inewhe 
junctions are more sensitive to dilfrrenca of tcnipcrutuit than arc otoert. 
Aniimonv iind bismuth make a very sensitive combination, for any partial 
“thermocouple” the li.M.b’. towcen the two iuncitom depends oa m 
dilfcretice of lemperature. 8o if one junction is kept at a fiKd temperaW 
the current which flows can be found, and once found used as a mem w 
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finding the temperature of the other junction. Since it is possible to make 
galvanometers which detect very minute currents, the tliermocouple is a 
vastly more sensitive thermometer than a liquid or gas thermometer (see 
p. 174, Chapter III). The best thermocouples are capable of detecting 
temperature differences as small as one milonth of a degree centigrade. 

CHEMICAL DECOMPOSITION 

In contradistinction to the heating effect, which varies in different parts 
of the same branch of a circuit when the resistance is not uniform, the 
chemical and magnetic effects depend only on the current which flows 
through any branch Current is measured by the chemical or magnetic 



Fig. 346 


Current produced by two thennocouples at different temperatures. 

phenomena in the branch of a circuit. They are thus the same in all parts of 

the same branch. , « 

Conductors of electricity may be divided into two classes. Pure^meMs 
(and oliier elements, e.g. carbon, which conducts electncity tolerably well) 
do not undergo any chemical change either in the sofld state or when molten 

ff a current is passed through them, unless of course foey are to 

to undergo oxidation. Compounds which conduct m solution or m foe 
molten state break up into their elements, or into f’ 

MetaUic salts break up with foe Hberation of metal deposited on foe neptive 
electrode while, generally speaking, acid together with free oi^gen bubbl 
colkcts at the positive electrode. In foe electro ysis of saltj^hke chlorides 
which contain no oxygen, the non-metaUic element is hberated at foe 

’’“rt SSIptet we have ahead, tefaied »the view 

wWdi conduct eleiicity in solution bte* up when toolved mto elem - 

Illy charged sub-molecules or ions. The conclusion that they do brea p 
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ii biwcd partly m ihf to already 

sr4«gesKd hy I'araday^s i«carchcs 5i,,\urte».t. dlie 

discovered wo things same gcuefit^^^ 

lirst is that if several pairs ut eketrudes lu a . h w. 

arc plami lit solimom nt jj^.'amount of metal uhtJi 

chlonde, copper Milpbaic, and u.i - p,j^. .amc 

is deposited urt the negative ekciroik is the .u n . i i 
ciirrent liberates the same auioimi td u iw * • ^/^{(,^.tr,Kks in strici \\s«b 

fact V'aruday dtsenvered is that when sever. i. • 
dm same gene* are placed J 1 

ui-elements liberated are ,,,nk) a.e .onnreted, in 

8ilp|Hfse, ii»f instance, wo pair, ot i .- * , 11,1 

seties Uha battery, one pair dipping m a'ohmo,. o.^ut 


LJ Lj 


P'tu. .^ri'AitMo; 


5 J,#il*-!«!,S'.‘! 


mw pair in a m.| jy! 

.Kcn....y.o;v 

one almn td copi^ir tabes t le jj,4 Uilotok kaduig 
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/, ri i *‘kNO. *" 

luil k— i'7' --r 

a)|'!«) *'"1 '**”* 


Costing the Current 703 

which rc})laL'e one another in a chemical reaction, such as the double decoin- 
iwsit km of their salts. 

'file ionic hypothesis suggested to account for these facts is that in solution 
moIeeukH of metallic nitrate break down into sub-molecules or ions witli 
Cipial and opposite electric charges. Like electrically charged pith balls, the 
jHisitivcly charged ions are attracted to the negative electrode, and the 
negatively charged ones to the positive electrode, and since metals go to 
the kathode (negative electrode) the metallic ion is positive, Thus silver 
nitrate Ac,NO,, becomes 

Ag" + (NOa)- 

aiiil ratppei' uitnite, wliich is (ai(NO,^)j., becomes 

ai’'4-(N03)., + (N08)‘" 

.Since the same current liberates the same weight of any metal from any of its 
Halls, the charge on the same metallic ion is the same whatever the salt from 
which it is derived. It is also true that the amount of the same acid liberated 
frmn any one of its salts by the same current is the same. So the charge on 
the add ion of an add is the same. Since copper nitrate breaks up to form 
i ions of nitric add ion (NOy), the copper ion must carry twice the_ charge 
of the silver ion; and .since the silver ion is a single positively charged ion one 
copper atom is dctifially equivalent to two silver atoms. The weights of 
Hilvcr and copper deposited by the same current should therefore be in the 
same ratio as their combining weights (i.c, atomic weight -r valency). 

According to the Ionic Ifypotlicsis the reason why oxygen is usually given 
o!f at the iKJSifive electrode is because the add ion cannot exist when it 
loses its diarge. There is no known substance with the formula NOj. So it 
is issumed that when the negative charge of the NO g ion is neutralized 
at the positive electrode, it may combine with the metal of the etoode 
which is worn away, but in any case usually combines as well with the 
water thus-* ^ ' 

4N0i + 2HP = 0g + 4BN03 

On the odier tend, a chloride like NaQ in tlie Gasmer process breaks up 
ifttn Na * + a". Two chloride ions can exist as the pme substance chlorine 
(Oa) when the nt^ative diarge is removed. So chlorine is gwen off at the 
positive electrode. This was how chlorine was discovered to be an element 

When* 8 current passes through electrodes dipped in any add which 
attacks die metal of which the electrodes are made, metal is transterred 

from the positive to the negarive electrode. Thus rf sdverdectrodes Me 

dipped in nitric add, the ions separated by the enwent are H anffNO g, 
and at first hydrogen is liberated at the anode. As Ae f 

niiraK is CimicJ ut the apase of the *>>« 

acaiuiposea with dcpositioti of tilva on the kathde. Si^tly ^ 

phttintmt electrodes ate dipped in hydtotMoiic aad 

is worn away by fonaadon of platmic chloride, ^ a black film of finely 

divided spongy platinum is deposited on the kathode. 
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Hie t)P«ngy platinum deptisitetl (m a Mmk in tliiis way lias the jwvver 
of suding up hydrogen or any oilier gat; just as lilouing paper suctei u|ni5K> 
This idiosyncrasy makes it easy to imderstand a phenomenon wtMih is t m 
basis of “|M)lari/!Uiond* the terra applied to the i'iict that a?!h become mea 
when they are allowed to deliver a large eurrent for some time. «two elec- 
trodcs, kith coated with sixaigy ‘‘pkitiraim black ” are diijpetl m a solmwu 
of any electroivtc no current flows when tky are connected* It a jct oi 
hydrogen bubbles plays on one and a ict of oxygen bubbles on another a 
current is set up. Thus if suitable arriragemenB are made to smpristm them 
hydrtsgen and oxyiien behave lik the metal platcH ot a cell, and exjwrmtent 
shows tliat the hydrogen electrode is the negative one. Sratt hydrogen is 
liberated at the positive ektctrode wlien a cell of etipper anti i-rac p.ates 
dipped in sulphuric acid is working, the dtect of this is to sd up a «tttent 
in the tipposk dirmion. So the airrcnl tklivraed by a bauery 
is rapidly faligucd, rcgaiiung its strength after ;i rc!*t winch allows the buhWvs 
of giiii to disappear. Wc might, of comse, charge two spongy platraum efcv- 
irmies witli hydrogen and oxygen Ity immersing them m dthite acui ana 
passing a current through them, ilytirop.cn tlura collects oti the ncp,atjvc 
and oxygen on the |wsiiivc ekxirode till lw«h nrc compkie y umtml 
On cutting out the genttamr and comicuing the two elecsiodw a currem 
can now k obtained from the plafiiium dcctrodcs. Tfiis gives you a picture 
of the principle involved in the arastnictitin of the storage battery with two 
siraik etorodes of spongy lead. Such rc-chargeabfc b«rks i« now 
replacing the older type of buttery with electrodes of ditlerem clcmemi. 

Various devices ttie usetl m fneveni |mlari/ation of oidimiry cells. In the 
common‘klry cell,” ont- eieL-mide is made of vine { } and one of carkm 
{1) as in the old l..erlam:he cell of iadl di. uifs, the cmtwn rod is surrounded 
by a still' inner paste of ravmi'.nie'ii.^ and kstd oxiiies, and ihe remaining sfuice 
ktwe« this and si »nc, cylinder is |naked with » thinner |«stc of plaster 
of Park and salatirawniac (iimimmium chloride), ^^cedlesi to itiy, the con- 
tents lit not truly Ay. If they were there would k no ioniation, «md 
therefore au current. 


The ionic hypotlicsis wliicli cxfifaius why»currem tlcromjxwes an deciw* 
lytc, also provides an exphraution of Iraw the i:dl WfJi'foi, ’Kiten im dilferent 
metals are placed in a w-lraion of rkMwlyie they do twit mm wmh it to the 
sao« extent. Heme the rom craratimi nf it>iw a the surfiia of tlie rwo ekcirtKly* 
is (hflcrcnt. This itnpliei two thitms nt the same tirttr: 3 didVreme td OM»mik 
pressure and a dilScamie of t-lruiic < hinge, nn { MU.e f-oth atr dtUcrotit asjur.li 
of one :mit the hiinic phcuorniiion there muitt lie a dvisratc i.innesiiou Itciwteo 
the uvo, liitlercnce ul ourmtic tMcssuro mrami {mwci to do wmk, which is 
fdited isi u defraite mitnucr to heat pokluraivni tp. tain;:, ai, «tt ulw liic K.Mb. 
aid uiitern i»t a tcH. No it we kmiw either, the first law ot thcft».»dyimoik* 
tells us liow t,} liiid thv other. If we htiow ail the ihcini,al rettemms iiivigved, 
the osmotic ['-lesMiie diifcrcncci (wc cakulaldc. l!m:i the h,.M.l*.of » «i{ cm 
be ak'uiated if tlii- ionic hypothesis is iuftat, d'hn ius bccsi done suctt^fullf 
for fl few* cells in width the thetidi,iil cluragcs tre fully unJwstrxxl. ho tk 
iijiiic hyfHitht’'.is gives s correct account laith of the chemk^l which 
reiuit in tlic products I'f a cunent atid the themna! charfei wliicb maiutt frwa 
till* ,tpp!i..(iion til a i.uir(*ui. 


IHlt .MAGfllillC JiftKOTS 01*' A CimHliNT 
In the neighbourhood of a magnet a compass needle docs not take up 
its usual position along the magnetic meridian, unless the magnet is also 
[daced with its axis in line with that of the needle along the meridian. I'hc 
spaa* in the neigfdmurhfiod of a magnet is therefore called a field of magnetic 
attraction, and the magnetic phenomena characteristic of the electric current 
arc summed up in the statement that the space in the neighbourhood of a 
conductor, while current is passing through it, kcomes a magnetic field. 
A magnetic field is polar, i.e. exercises equal and opposite dfocts on the 
north- and south-fieeking poles of a mai’iiet suspended in it. One pole is 
dellected to the right, and tlic other to the left of the magnetic meridian, or 
Ha nm. If the magnetic field is due to the presence of an ordinary magnet 


Mt the relative position ot the ends of the wire with 



ome m mpms mme mum mmys m 
takukfL li&itwmM knwth ihe needle, an aMlogous rale applies,The 
swimmaf, now on his back, would still see the nortlMceking pole deflected to 
his left. If the wire is turad back so that the current flows in the opposite 
directloa above and below the wpa needle, the deflection is more power¬ 
ful, If the ctinMit pisses tough aeveril loops, each «infra the effect, 
The deficctiott of the compass needle is then a more sensitive indicator of 
current.' 

The sasitivity of the compass needle as a current detector can be further 
increased by couplmg two impede needles wifo u^ face 

(Fig. 348). This mrn^rntMmmkwupk Is unaffected by the earth’s 
Add if both needles i« equally magnetacd, So it is not necessary to arrange 
the wire along the magnetic meridian. If the coil is wound so that the current 




























































mcRt is atpabk vf measurini? cither the unai li.M.l’. of ik all ttielf 
Of the f’.M!’. avaikbk to att atetoai ciratit in pafilld with the fdvwo* 
iiictcr il-n;. A airfcni tneter Uitotticicrj soust have a very low fcitttiwaa:i 
iu tlut its }’rvsvtt« ifi ilw circuit dt>cs not appreciably lower ik fittrwst 
travcraitis', it. It is fsot nccoswry {» otak the rcsiMortct of the aii ittcIC 
H'a viirc (‘'shuoi") tsf known low rc i'-aance wnmiA the terrmsil* (Fi|. M) 
A known Jf.icttstu of the current in the uruiit traverses the a»l 'Ik ttW 
in.suuntcnt can thet! lx* (.alubraicd eitiivr for use wi a vollWiStojj wbeo 
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iind a receiver in leries with i gcnciiiiof, 1’he trimmitter is tner^lv a 4cvirf 
hy which the vibraiiom sei up by the vnke in a tliapliragn't m that 
MMCiphone pmim tttrfcsiKwding, liuctuatiniss erf the airrcnt nt a caetth- 
‘ITic ffltttlern ttawmititt (we I'ig. 4 ms this Ity ilic variutwn 
resistance ihuiugh htesse Brntiicl. Hk receiver is a mtpi rfiuphragin 



l-Pi, rtiai..t,;«.VAta'Mi.ui« .A”, h Vmv,m' 

\XUm fhffc S^: n*> va!vim.-i«r5rr sfi.' .!<>.««. 'lt>. 
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dfcUheh;,M}%mtiwemiu»luuwir.!i.mn'te*< -•* “ - * - 7 ,: *’■. , ‘ ; 

U#l«n»mctcr u.(mcaDi fl.r uh tow nM-r.uo-. 

(Watlcl wh! the told cstcrrul tri'sutsii- H r. t'V ■,\k m/ 


,%thectiitreKiiMiwc nithe »■.ti'-w 1 * t-*e. • -'■ “ 

ta"Kir*M,- 'I'l'" I ■"> 

5 ,. „i: 

fj " iJHtfi 

ilui erf'fT "■i'‘ 5 anf. 

, i> :'ll 

, A'Ssitt * t‘>*H-*fJ‘2WTOta , 

11ili diffcfi tw k*i prt hi»th»tKVw4 frotn the I'. ^tJ’ avsMkhk hn the 

e»n«i ciK«if bclitre the plwnMniciet wiw wnn^i. ^ 
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cittse t« an cla'trt»m!ij'net the strength of which varies in unison with the 
turrent, in the luetal diaphragm this produces vibrations in unison with 
iliHst! set up nn tilt: transmit ter. 

Unlike ilu; nrdiiiary magnet the electromagnet can be used to maintiun 

*f.W.vtul araiit SO ahnw 
\ 

*• "X 

^''‘"'currcid; 2 amp:; 


cx'imul ciKult 50 ohm 


l-im If.d,iALVASOMhililt tjSED AS AN AMMETER 
If ihc.tctjrtiMlj* of H giilviiiiiftrietcr are enniiecicd by a thick wire (“sliimt’’) of town 
teifi^itaiiec, if can lie iiwef led in a circuit as a current meter without appreciably reducing 
the ffow. suppose the vtilwge of the dicuit shown above is KHi. I he currwt normally 
IImwidii in ti i* IIH* ■4' ho * d amperes. If die galvunometcr with temiinaw connected 
by a 11 ■ t iilitn revistattci* is inuoduced* the total new resistance (R) added is given by 
{seep/hswi) 

.I, ...Lto.ofil Ri= 0-09990 ohm 

li iM 1000 

So the mwl resismnee in the circuit is increased by less than 0-2 per cent. The sa^ 
IbM.ih «the terminals of the plvanonicter drives a, curmm c, tkough tte ^ 
nmnexioti and»current c* through the coil of resistance IjOhO nlims) hence by Onm s 
law 1 ■ 

0-1 c, w-E » 1(000 C| 

if then the plvinomcicr has been ailibratcd for a current driven through the wil ^ 
tanwn E..#., when uicd m b voltmeter without the comiectmg wire of 0-1 oto 
re-siswitcc, cich scale division will correspond to 10,000 times as mps. whett the 
MHtic mitfument WM used aa m ammeter with the 0-1 ohm wire ™^ ^ 

vulttneier witlirmt it, a saile division corresponding to 1 volt S/h a 

How of 0-iHll amp. through the cml. Used as im ammeter 
ih} ohm resistance, ft volt Ivision would be equivalent 
meat witli«tiial alihmtcd for volts and amps.can he msed for ejfoer P^e> ^ 
low rpisiimtt between the terminals can be disconnected by a switch or put mto the 
droiit as required, 
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motion. In the electric beU (Fig. 320) a piece of soft iron is momtcd on a 
spring which brings it back into position when current is switched o^ 
and in so doing switches the current on again. Various types of electric motom 
work on essentially the same principle. The simplest type (commonly sold 
as toys) consists of a soft iron bar (Fig. 353) revolving between the north- 
and south-seeking poles of two electromagnets. The axle cames a simple 
switch, which is a ring of two metal parts separated by two secuons of msida- 
ting material. This revolves in contact with two sprmgs m arcuit with ^e 
etomagnet coils and generator, men (A) the spngs first touch tlie mctd, 
the circuit is complete, and each end of the bar is ^ 

which it is approaching. In doing so, (B), it brings the ^ 

into contact with die sprmgs, breaks contact, and being no longer am«cd 
to the now dead poles of the electromagnet rotates a little further of its own 
inertia This again completes the circuit. _ 

An alternative type is shown in Fig. 351. The revolving part carries the 



Fig. :ifi2.™THK ELECrUOMAGNIlT 


coils which are wound so that when the cottent is passing the two ends are 
approaching opposite poles of a strong magnet Be ^e ^ 
mem stadar to the preceding, The ends of each “d ® “mtaed » * 
opposite metal sectors of the ring, Since the same sector “““ 
into contact with the sprmgs conneaed to the posittw and negative 
the direction of the current is reversed at each half turn, and ha« tt 
polarity of tlie electromagnets. Since unlike poles attract^ each omcr, m 
direction of winding is executed so that the electromagnetic arms have ac 
opposite polarity to the permanent magnet ends which they arc appwacl^ 
(ni) Electric motors designed like either of the abwe are n« «to W* 
much used nowadays to work electrified transpott, life, lathes, pMps, 
vacuum cleaners, refrigerators, electric fans, etc. The 
generally based on the application of a third chataaenstic 
field in the neighbourhood of a conductor carrying a cmrent (Fig.d^TM 
is the fact that if a coil or loop conveying a current is fteetn iwe W tM 
axis of a magnet it rotates about the latter. Seen from above » 

dodrwise if the direction of current through a wire suspended above a 
N-seeking pole is downward towards the latter. A simple experiment wm^ 

showstiiis properly is tettatedmFig.SM 

of an armature of coded wire arranged radially about the axle of the movmg 


Costing the Current 711 

part which is placed between the poles of the permanent magnet (see p. 717, 
Fig. 364). 

The speed of rotation of a conductor so placed in the field of a magnet is 
direaly proportional to tlie current. This fact is made use of in tlie con¬ 
struction of an electric meter to measure the number of units consumed 
in a single dwelling. The meter is in essence a motor geared down like a 
cyclometer, so that a fraction of a turn of the pointer represents an enormous 
number of rotations. Since the speed is proportional to the current, the 
number of turns is proportional to the product of the time and the current. 



FlO. 363.—A Simple Electric Motor 


The electrical energy (kilowatt hours) used is proportional to the product 
of the time, current, and E.M.F. Since the last is fixed at the terminals 
of a house circuit the number of turns is proportional to the electrical 
energy consumed. If it were practicable to make a _motor witii negligible 
resistance, as compared with that of the house circuit when all the lamps, 
etc., are being used, a motor geared down to work a cyclometer dial could 
therefore be used in series with the house circuit to measme the number 
of kilowatt hours consumed. This is not practicable. Since the meter coils 
have a fairly bi gb resistance, it is connected with the circuit like an ammeter, 
That is to say, the terminals are connected with a low resistance wire, so that 
a known fraction of the current is tapped through the high resistant of the 
meter coils. The minute current drawn off does not appreciably affect the 
consumer’s account. 
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The aimneters and voltmeters of the practising electrician are sometimes 
based on the fact that a watch-spring placed in a magnetic field undergoes 
torsion when a current passes through it. This torsion can be used to rotate 
a dial, and the device is portable. Exceedingly sensitive galvanometers of 
either type used in research work depend on the movement of a straight 
wire or coil in a strong magnetic field. Very minute movements which occur 
when a current traverses the wire can be recorded by focussing a beam of 
light on a minute piece of silvered glass fixed to it. A spot of light is thus 
projected on a screen, and a shift is magnified by moving the screen further 
away. Galvanometers of any design can be used as ammeters or voltmeters 



by the procedure explained in the legends of Figs. 350 and 351, and the 
same methods for calibrating the dial are equally applicable. 

Needless to say, the chemical method of measuring a current employed 
in tlie earliest researches into electrical phenomena is useless in everyday 
life, because it is laborious, lengthy, and unsuitable unless the current is 
very steady. Similarly the Wheatstone bridge method for finding resistance 
is only used for very accurate work. In everyday practice the resistance 
between two points in a circuit is taken as the ratio of the voltmeter and 
ammeter reading. The potentiometer method of finding voltage, like ^e 
Wheatstone bridge method for resistance, is essentially one for standardizing 

'a more convenient type of instrument for eve^day use. 

We have established the basic principles involved .in using such instru¬ 
ments by using the chemical property of the current as a definition of current 
strength. This leads to a straightforward demonstration of Ohm’s rule. If 
we take the magnetic effect as a basis of measurement, we have to decide at 
the outset on a suitable unit of deflection. If we adopted the angle itself we 
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should not arrive at a simple relation between the contributions which the 
generator and the circuit make to the effects observed. Experiment actually 
shows that the current as we have defined it is proportional to the iat^enl of 
the angle through which the astatic couple of a simple galvanometer is 
deflected, and this is in agreement with &e results arrived at by elaborate 
mathematical analysis based on the experimental laws of magnetic attractions 
and the conservation of energy. To grasp the principle which underlies the 
use of the magnetic effect it is not necessary to understand the theory of 
magnetic attractions. We can mark off a dial suitable for quick and convenient 
measurement of cunent by its magnetic effect, if we have any independent 
method of measuring a current, just as we might mark off the scale divisions 
of a lever weighing machine by trying out the position of the rider and the 
counterpoise equivalent to different weights on the pan. 



FiO. 366.—Motion of a Coxrent in a Magnetic Field 

If the positive terminal is connected above and the negative terminal below, tlie wire 
rotates clockwise as seen from above. 


THE DYNAMO 

Babbage, then Lucasian professor in the Newtonian succession, wrote 
his tract the Decline of Science in England in the year 1830. He was con¬ 
cerned with the state of the official organs of English culture. In the ensuing 
year the future of electrical technology was revolutionized by a group of 
discoveries made by men who were not products of a well-established soci« 
culture They were m^de independently and simultaneously in England hy 
Michael Faraday and in the United States by Joseph Henry. The scientific 
careers of both men were made possible by the creation of new machinery to 
produce, as Sprat said of the early Royal Society, “a continuous^succession 
of inventors.” Faraday followed Davy as bead of the Royal Institution, 
founded in London by an American citizen, named Benjamm Thompson, 
to encourage the application of science to industrial and domestic economy. 
Henry became the first direaor of the Smithsonian Institution, and m that 
capacity his researches covered a wide range of practical problems, mcluding 
the invention of a system of tog signals to protect shipping. Vast pnm 
fortunes were made as the outcome of theit discovenes. Both men gave then 
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advice freely, and subsisted on salaries from which they accumulated no 
substantial property to leave behmd them. As head of tlie Royal Institution, 
Faraday received £100 a year with coal and candles. 

Their careers thus illustrate a new feature in the history of capitalism. The 
entrepreneur had ceased to be a man of like stature as Roebuck, Boulton, Or 
Wedgwood. Henceforth how wealtli accumulated becomes more and more a 
tale of how discoveries made by public servants in institutions endowed 
in the public interest are diverted by credit monopoly to private gain. 

The Smithsonian Institution in Washington is a forerunner of the large- 
scale public laboratories in which the bulk of modem scientific research is 
conducted. It was, as W. H. Taft put it, the incubator of American Science, 
and as such its history offers an entertaining foomote to the place of science 
in contemporary civilization. It was started by a bequest which passed into 
the hands of die American Government in 1837 under the will of James 
Smithson, bastard son of Sir Hugh Smithson, first duke of Northumberland. 
The latter had enlarged his resources by marriage with the Percys, whose 
estates were rich in minerals. He rapidly accumulated a fabulous fortune by 
exploiting their coal resources with brutal disregard for the health and safety 
of the miners of both sexes and all ages. A century and a half have since 
elapsed. His family still exacts its annual toll from the British consumer. 
The latter submits with good humour to the indirect taxation for private 
use paid out in mining royalties, and only grumbles when there is an increase 
of direct taxation for public amenities, such as education. 

The natural father of James Smithson spent his fortune in lavish osten¬ 
tation, which was a by-word at the Court of George III. His son, a friend of 
Cavendish, was elected to the Royal Society as a raineralogical chemist three 
years after Priestley. He prospered in material things, retained a healthy and 
proper repugnance toward his father and towards George III, and displayed a 
keen sympathy for the Jacobins and for American democracy. Eventually he 
disposed of his fortune in a way which may still be commended to the atten¬ 
tion of the legitimate branch of his family. He socialized his own property by 
giving it to the Government of “the United States of America to found at 
Washington an establishment for ‘the inaease and diffusion of knowledge 
among men.’ ” It was his hope, as Crowther tells us in his own words, that his 
name “shall live in tlie memory of man when the titles of the Northumber- 
lands and Percys are extinct and forgotten.” In this, it may be that he was 
unduly optimistic. The British branch of the fmnily have earned their 
place in the history books for a different reason. They will be remembered 
for their tenacious resistance to the social exploitation of the nation’s mineral 
wealth. 

If the voltaic cell were the only source of current, the use of electricity 
would be restricted to the chemicd laboratory and to a few minor amenities 
of everyday life, such as railway telegraphs or electric bells. A new era of 
electricity began with the discovery that current can be generated without 
the destruction of material resources by chemical decomposition. Chemical 
decomposition by the current itself depends on analogous changes in the 
voltaic cell. Any chemical change based on the reaction of electrolytes or 
ionizable substances can be used as a source of current. So likewise every 
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magnetic effect resulting from the flow of the electric current in a conductor 
corresponds to some way of producing current. When a current flows through 
a conductor a magnetic field is set up in its neighbourhood. Conversely, 
when the magnetic field in the neighbourhood of a conducting circuit 
is changing, a current flows in the latter. This is called electrotna^^^K 
induction. 

A simple experiment illustrates this. If we connect the ends of a long piece 
of flexible wire with the terminals of a sensitive galvanometer, and move it 
quickly between opposite poles of two bar magnets, the galvanometer needle 
is deflected one way or the other according to the direction of the movement 



Fig. 356.—Induction op Cuebent in Wise moved across a Magnetic Field 

(Fig. 356). The rotation of a loop of wire about a fixed axis between the poles 
of a magnet, as in Fig. 357, can therefore be used to maintain a current. 
Which is the positive and which is the negative end of the wire is difficult 
to remember without the aid of a rule, like the mnemonic of Ampere’s 
swimmer on p. 705. Imagine the right hand resting on the north pole with 
one finger pointing to the south pole opposite, the thumb pointed outwards 
at right angles, and the other fingers downwards over the face of the north 
pole. The direction of the current (positive to negative) in foe fMer 
half of the coil is given by the thumb, if the direction of rotation is indicated 
by the second, third, etc., fingers. If the rotation is clockwise from the 
south pole to north above the axle as in Kg. 357, and if the ends oftl^ wire 
are at the end of the coil nearest the observer, the positive tcrmmal is 
next to the north pole. In the position drawn, cd is the nearer half of foe coi^ 
and in this position d is foe positive terminal. After a half-turn ^ is foe 
nkrer half of foe coil, and a is foe positive terminal. Hence if a and rf arc 
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connected by flexible wire to a galvanometer the direction of current flowing 
through it will change at each half turn, and the needle will swing first one 
way and then the other. 

If the axle is: rotated repeatedly while the ends a and d are connected to 
the terminals of a galvanometer (or any other device which registers the 
presence of a current) with flex, the latter will become more and more twisted 
at each turn. To register the current delivered by a continuously rotating 
loop of wire as in Fig. 357 the two ends a and d must make movable contact 



Fig. 867.— Principle OF THE Dynamo « 

Commutator and brushes for a.c, (a) and for unidirectional (b) 

with the conductors leading the current away. This can be done by coimecting 
them to metal surfaces mounted on insulating material like BakeUtC) and 
revolving in contact with a smooth spring or metal brush. 

Such an arrangement may be carried out in two ways—(fl) and (i) in 
Fig, 357. The two ends (a and i) of the loop may be connected to separate 
metal rings so that the same brush or spring is always in contact with the 
same end as in (a). If this arrangement is used the current will flow first one 
way, then the other at each complete turn since a and d are alternately 
negative and positive. It is then said to be an alternating current. On the 
other hand the two ends a and d may be connected to the two halves of a 
split ring, as in {b)i so that the ends a and come alternately into contact with 
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one and the same spring or brush. If so one brush or spring is alwaj’s negative, 
and the other always positive. While the current dehvered from the brush 
terminals rises and falls, being greatest when the loops are cutting the field 
between the poles at right angles and least when they move parallel to it 
(at right angles to the position shown in the figure), it flow's in one 
direction only. 

The strength of the current can be greatly increased if many loops of 
wire revolve simultaneously in the same magnetic field, and if they arc wound 
round a soft iron drum (Fig. 358) which concentrates the field betvpeen the 
poles. Such a drum carrying an enormous number of loops is called an 
“armature,” and a machine in which an armature revolves in a magnetic 
field is called a magneto or dynamo. According to the type of brush contact 



Fig. 368.— Diagrammatic View of Armature for D.C. Dynaaio or Motor 

VERY MUCH SIMPLIFIED 


a dynamo gives either an “alternating” (A.G.) or a unidirectional current. 
If many loops are used (only four are shown in Fig. 358) the brush is practic¬ 
ally always in contact with tiie ends of a loop in which the current is maximal. 
So the unidirectional current does not appreciably ebb and flow. It is a 
direct current (D.C.) like that of a battery. For heating and therefore for 
lighting purposes a direct current has no special advantages over an alter¬ 
nating one, since the heating effect does not depend on the direction of the 
current. 

As a source of power to drive an electric motor an alternating current is 
also equally useful if the motor itself has the right type of contect. Since a 
conductor carrying a current rotates in a magnetic field (p. 710) a dynamo can 
be used as a motor if supplied with current of the appropriate kind. An A.C, 
dynamo will require A,C., and a D.C. dynamo will require D.C., if used as a 
motor. For chemical purposes a D.C. current is essential, since one terminal 
of the electrolytic cell must always be positive and the other must always be 
negative. Since natural magnets of high power are not very reliable and arc 
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troublesome a D,C. dynamo has a further advantage. Some of the current can 
be drawn off to maintain the field magnets. If the latter are electromagnets, 
the small residual magnetism is always sufficient to excite a current when me 
dynamo begins to work. This increases the magnetic field which rapi y 
assumes its maximum strength. The advantages of an A.C. dynamo will e 
explained later.* 


SOCIAL SIGNIFICANCE OF THE DYNAMO 
The first dynamos were driven by heat engmes, because heat was the chief 
source of power at hand when dynamos were invented. Used in this way, the 
dynamo is a convenient way of distributing power for lighting, transport, 
etc. Future generations may think that die least important thing about tlie 
dynamo is the fact that it distributes power. Its greatest social potentialities 
lie in the fact that it supersedes the necessity of fuel, and of the human 
labour required to extract fuel from the earth. Any continuous source of 
power like the flow of water can now be used as an agency for torib^g 
dectrical power over large areas. Countries with large natural waterfaUs 
lilce Niagara took the, lead in generating electricity by adapting the prmcipie 
of the watermill to turn the arraamre at a relatively small mitial cost ihe 
U.S.S.R. has undertaken gigantic schemes for building dams to make water 
power available, and once the initial cost has been covered the production 
of electricity involves no further application of human labour to supply 
fresh stores of energy. The use of water power gave place to the urban conges¬ 
tion of the coal age because water power could not be distributed to pkces 
where it was most needed. Now that single generatmg stations can distribute 
1 , 000,000 horse-power over a radius of 260 miles, it is possible to design me 
distribution of populations in accordance with a high standard of hedth 
and adequate space for family Hfe. The introduction of coal and petrol as 
sources of power entailed a continuous output of human work to atract 
fuel. Hydro-electric power places this output on the credit side of the balance- 
she4 of available leisure. The workmg conditions of a coal economy inescap¬ 
ably entail exposure of the worker to heat and dirt. With complete electrifi¬ 
cation the physical conditions of factory labour need not be less congemal 
than those of the most up-to-date laboratory. The transmission of heat power 
is limited to the dimensions of a system of shafts, belts, and pulleys, Electriaty 
makes power available for domestic use, and opens the door to an era of 

inventions which can make aU arduous unskilled labour an anachiom^^ , . 

Although an EngHshman, Michael Faraday, and an American, Joseph 
Henry, made the first machines for generating current at about the same 
time, and though Faraday, more than any other single investigator, laid the 
foundations of electrical technology, Britain is now far behind the Umted 

* The inraierical value assigned ss the voltage of an A.C. circuit is not the mamum 
E.M.F, between tlie terminals in either “pb^e” of &e ' 

the value of E deduced from the heat production of the circuit ^d the Imovm rwlst- 
Sce m k by applying the formula E» ^ R = W. This is the “effecuve” (geometric 
average) E.M.F. between the terminals. 
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States in electrical development.* Wells recalls a visit of Mr. Gladstone to 
Faraday, when Gladstone was Chancellor of the Exchequer: 

The man of science tried in vain to expl^ some yimple piece of apparatus 
to this fine flower of the parliamentary world. “But,” said Mr. Gladstone, 
after aU, what good is it?” “Why sir,” said Faraday, doing his best to bring 
things home to him, "presently you will be able to tax it.” 

Such was the outlook of those who laid tlie legal foundations of the dectrical 
age. Such is still the outlook of legislators who have served their apprentice¬ 
ship in Plato’s philosophy. 


THE INTERNAL COMBUSTION ENGINE 

Perhaps the successful development of electrical power production owes 
more than anything to the fact that it proved die TTirann of revolutionizing 
the use of heat before superseding it. In the steam engine fuel is used to 
produce heat, and heat is used to change water into the gaseous state. The 
second law of thermodynamics reminds us that any process which involves 
the conversion of heat into work is wasteful. So it is better to convert the 
stored chemical energy of organic matter into work without the inten^ening 
stage of changing a liquid into vapour by heat. This can be done by using Ihe 
explosive force of any reaction which entails change of volume. Thus when 
petrol vapour is mixed with air the reaction may be represented thus 

CjHia + SOa^ 6C0, + 6H,0 
9mol8 llmols 

If the pressure and temperature did not change 9 volumes of explosive 
mkture would be replaced by 11 volumes of the products of the explosion. 
Independently of this change, and more important, is the fact that heat 
liberated in the reaction produces an enormous expansion of the products. 
To use this expansion it is first necessary to induce combination of the ingre¬ 
dients of the explosive mixture. The discovery of electromagnetic induction 
made it a simple matter to time a rapid succession of sparks to occur at suimble 
intervals in conformity with the movement of a piston. This was originally 
done with an induction coil (see p. 722), which was then superseded by a 
s m all dynamo. 

* The following table is given byi A. H, B. in the Scientific Worker August 1937; 


: Installed Total Units , Meanmi^ht 
Country Dale Capacity generated of standard 

10"^ 10“ to fuelkg.ikah 

Gt. Britain (1) March 31, 7-80 18,410 O-OD-i 

1936 

U.S.A.(2) Dec. 31, Sfi-SO 98,870 0'676 

1935 . 

U.S.S.R.(3) Dec. 31, 6'88 25,900 0>644 

1925 

U.S,S.R. 1937 plan 10*90 33,000 0*640 


"The electrification of pre-revolutionary Russia was negligible, about M x 10* to 
of installed plant, and during the years of the Civil War this was subjected to sevare 
depredation so that the electrical industry was in a very bad state at the beginning 
of the period of reconstruction.” 
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Internal combustion became a practicable source of power as the result 
of experiments in 1862, when de Rochas showed that the ignition temperature 
of an explosive mixture is greatly lowered by prewous compression. The way 
in which an internal combustion engine works is briefly as follows. The cyluider 
which contains the piston is equipped with sparking points, and with valves 
to admit the explosive mixture and to let out the products. The mam sha t 
works a small dynamo (“magneto”) and a rotating switch (‘‘distributor p, so 
that the, spark exactly synchronizes with the appropriate positron of the piston, 
and the movements of the latter are geared to the valves which open and close 
successively in unison with the successive phases of the piston movement. 
A flywheel of high inertia ensures that the piston flies forwards and backwards 
twice at each explosion, so that tire explosive mixture is coinpressed &t the 
moment when sparldng talres place. The valve le^g out the ^ 

combustion opens at the end of the outward thrust due to explosion and closes 
at the end of the inward movement. At the next outward movement ^ 
admitting explosive mixture is sucked in, as the mixture is compressed by the 
return stroke just before the end of which the spark is delivered. 

The explosive mixture may be a mixture of air_ widi very fine coal dust, 
coal gas, or combustible organic vapour. If the engme is not rummg for long 
periods a highly volatile substance like petrol is preferable, because it evaporates 
readily at low temperatures if sprayed through a fine )et (c^burettor),_but an 
engine devdops sufficient heat after running a little while to vaporize ^y 
Uqdd compound. Paraffin and comparatively hea^ oils, as m the Diese 
troe, can be used for stationary engines or slups. The use of dcohol asiuel 
for the internal combustion engine has recently been made the subject of 
successful experiment. The production of power, hitherto dependent on M 
resources of coal, petrol, or shale, has now reached a stage when seWaency 
is already in sight. A rationally organized society might use ±e dry distffiation 
products of all the weeds and waste paper which are now burned as a substantial 
conservation of its power resources. Thus the internal combustion engine 
is not permanently dependent on localized supplies of coal or petrol. 

ELEeraOMAGNETIC INDUCTION 

The problem of transmitting electric power, when we have harnessed 
available natural resources for generating it, raises several technical problems, 
which will be more easily grasped when we have looked at other aspe^ of 
“electromagnetic induction.” In the dynamo, current is produced when a 
conductor is moved across tlie field of a magnet. The production of a current 
in this way (Fig. 357) is only one of three examples of the general rule mat 
current flows in a circuit when a magnetic field at right angles to it is chaiigmg. 
Current also flows in a coil wound round a magnet when a piece of iron is 
moved about in the neighbourhood of the poles. This is the principle of 
the original telephone in which the transmitter was identical with the 
receiver, the latter being essentially like the receiver (Fig. 338) in^a modem 
telephone. Each vibration of a steel diaphragm lying above the pole of a bar 
magnet will induce a minute current in a coil wound round the latter. If the 
coll is in series with an identical instrument used as a receiver, each variation 
of current will produce a change in the field of ffie magnet in the latter, so 
that the attractive force on the diaphragm varies in unison. ^ ^ , 

A third and more important illustration of electromagnetic induction does 
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not depend on the use of a permanent magnet. Km a conductor carrUn,; a 
current there is a magnetic field at right angles to die axis of she coaiactor. 
When Ae current is switched on or off there is therefore a charaie in the 
magnetic field around it. If another conductor whose ends are 
with a galvanometer is placed alongside of it, as in Fig. r.i*, tiie effea d 
breaking or making the “primary current" is equivalent lo mcnLng the second 
conductor across a magnetic field. So the galvanometer needle is deikctcd 
in opposite directions when the primary current is switched on and off. 




_ 


Above current nroducing magnetic field when the key is closed. Ikkm^ amnge- 
meStosSduced currLtaneighb circuit when, tiie magnetic Ueld « made 
or broken by closing the key. 

It registers no deflection when the current is steadily flowing in the pfimai^)' 
circuit. The secondary current is only produced momentarily at the^miKe 
and break. It flows one way at the “make” and one way at break. 

When the current is switched on in the primary circuit 
momentarily in a parallel secondary circuit in the reverse ^ ^ 

primary current is cut off, the current flows in the secondary m the same 

dSn as the previous flow of current in the pri^ 

ary and primary circuits are straight wires the efe is 
iS'paralll Jif oa=ismn.ed»» 
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meter runs the length of a ship, and a cable on the sea bottom is transmitting 
an intermittent current the deflection of 'the pointer is greatest when the 
ship is running exactly over the cable. This device is now replacing the pilot 
boat to guide ships into port or dock. 

The phenomenon of electromagnetic induction can be made more striking 
if the primary and secondary circuits are coils wound coaxially around a 
soft iron core of circular section. The voltage registered at each kick of 
the galvanometer is then dependent on the number of turns in the two 
circuits. If the number of turns in the secondary coil is very much greater 
than the number of turns in the primary a very high voltage is attained at 
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TRANSMISSION OF ELECTRIC POWER 

A simple induction coil may be adapted to get a higher or lower voltage 
without greatly reducing the power (W ^ EC) transmitted. If the secondary 
circuit of a simple induction coil has a smaller number of turns than the 
primmy circuit, the induced current at the make or break has a smaller voltage. 
If it has a larger number of turns the voltage at the terminals of the secondary 
circuit will be greater than the voltage applied to the primary circuit. The 
current is proportionately increased or decreased by fliminiglim g or 
to the number of mrns. If the current in the primary circuit is itself an 
alternating current, the primary current ebbs and flows of its own account.- 



Induction coil with condenser in parallel across the spark gap SH in the primary 
circuit connected to the battery. 

the break, Since, however, this means that the length of wire traversed is 
greater, the resistance of the secondary circuit is proportionately increased, 
and the secondary current is proportionately diminished If the primary drcuit 
is fitted with a vibrating switch like the spring of an electric bell or Morse 
receiver (Fig. 319) a rapid and regular succession of f ‘make” and “break” 
in a primary drcuit of low fi.M.F. Can be made to induce an alternating 
current of high E.M.F. in the secondary circuit. This is the prindple of 
the induction coil devised by Faraday (Fig. 360), ^en first invented the 
induction coil was sold to medical practitioners for the supposedly benefidal 
effect of the unpleasant tingling shocks obtained by holding two me^ 
cylinders attached to the ends of die secondary coil. To-day the underlying 
prindple is the basis of the “transformer” in high voltage transmission. , 
The instrument itself is an essential part of X-ray and wireless equipment. 



Transformer formed by two coils wound round a soft iron core. The upper coil has 
twice as maiiy turns as the lower. To double the E.M.F (and halve the current) attach 
the lower coil to the supply (“step up”). To halve the E.M.F. (and double the current) 
attach the upper coil to the supply (“step dovra”). The two coils are here shown m a 
simplified way to expose the ratio of the winding. In practice both would be wound 
all the way round the ring, and 100 per cent efifiaency would not be possibk unless 
the secondary completely enclosed the primary, so that all the lines offeree ftom the 
latter cut the former. 


) there is no need to have a contact breaker. Two coils placed side by side 
ay therefore be used as a “transformer” (Fig. 361) to “step up” or to “step 
iwn.”* The ^cimey or ratio of power put in to power got of a trans- 

rmer day be as much as 96 per cent. . 

In distributing electrical power ftom situations where it is convenient to 
■oduce it, a foremost consideration is to economize in the use of we. At 
i early stage in the history of telegraphy it was discovered that the earth 
n be used as One cable if plates connected to ternmals are sum deep m 
So, if one terminal of a generator and one terminal of any mstrunient 
ling current are both earthed, it is only necessary to connect one terminal 
‘ the generator to one terminal of the instrument. The problem is then 

* The resistance of a transformer is very small compared with that of the external 
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to keep the thickness of metal in the single cable as small as possible. If the 
voltage is very high the latter must be held high above ground to prevent 
sparing to et^. 

Since electrical power (W) is the product of the voltage and current, the 
same amount of power can be transmitted by using a high voltage and low 
current, or a low voltage and large current. Thus the transmission of 10 
kilowatts ( 10,000 watts) may mean that a current of 10 amps, is drawn through 
the circuit by a generator oh ,000 volts, a current of 100 amps, by a generator 
of 100 volts, or a current of 2 amps, by a generator of 6,000 volts, etc. A 
current of 100 amps, passed along a thin wire would heat it considerably. 
So high current transmission means greater expenditure on metal for cables. 

You can look on the problem of circuit cost in another way. Since W = EC 
and C — E-r R, in any circuit 

W=:E2-rR 

Hence if the power production of a circuit is to be fixed at a definite figure 
by the work the generator has to do 

E^ocR 

If the length of the circuit is fixed by the distance over which the power 
is to be transmitted, the resistance oky depends on tlie sectional area (a) 
being inversely proportional to it, hence 

E'^oc- 

a 

And since the cost {£) is proportional to the sectional area. 


Thus the cost of cable is inversely proportional to the square of the E.M.F., 
e.g, the cost for transmitting the same power fi:om a generator of 100 volts 
is one hundred times as great as the cost of transmitting it from a generator 
of 1,000 volts. 

Although the d.c. dynamo is in many other respects more useful than 
the a.c., it has one practical disadvantage. A voltage greater than about 600 
is very difficult to maintain owing to sparking across the sections of the 
commutator (6 in Fig. 357). The ends of the loops in the armature of an 
a.c. dynamo are much more readily insulated (as in Fig. 357, a), and voltages 
of 10,000 are comparatively easily maintained. For this reason the a.c. 
dynamo is used as the primary source for generating power. The voltage 
is usually raised to a higher level by a step-up transformef and transmitted 
at very high voltage (e.g. 60,000 volts) to substations where it may be reduced 
by step-down transformers to work an a.c. motor for driving d.c. d^amos. 
This entails very little loss of energy by friction. Domestic circuits may. 
have their own step-down transformers when supplied with a.c. Since one 
terminal of the generator and substation is earthed bare cables all carrying 
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current in the same direction are used for high power transmission in the 
“grid system.” The cables are carried on well-insulated towers well above 
the earth to prevent sparking to earth. No sparking can occur between 
separated wires since they are not carrying current in opposite direction. 
This reduces the cost of insulating material. 

The a.c. dynamos at Niagara generate from 20,000 to 21,000 volts. This is 
transformed at the source up to 50,000 or 100,000 volts for transmission across 
country, e.g. as far as Montreal. The London Transport system is supplied 
by the Chelsea Power Station with about 50,000 kilowatts produced by ten 



steam turbine-driven alternators at a voltage of 11,000. This is distobuted 
to substations, where it is used to drive motors working d.c dyn^os wM 
supply current for the trains themselves with 600 volts. The giant hydro¬ 
electric works set up by the Soviet Government at ffie Dmeprosttoi dam are 
designed to produce an eventual output of over half a milhon kilowatts. 


THE MEANING OF SELF-INDUCTION 

So 61 , the pheBomena of carrent and frictioBal el^ttiaty tave to 
kept apart Reasons for regarding them as essentially idenncal have bem 
668 . There it was suggested that the battery ^t aud the 

Loaal maehhte spark differ only in one 


ve, Hgh votoges. The indto 
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currents produced by an a.c. dynamo or an induction coil provided with an 
automatic current breaker are essentially successive currents of very short 
duration involving very high voltages. If the view stated is correct we should 
therefore expect to find that alternating and intermittent currents produced 
by electromagnetic induction behave like the discharge from a frictional 
warTiinft : That this is so is a fact which has results of enormous importance 
in everyday life. 

A condenser can be used to increase the brightness of the spark, the 
interval between successive sparks and the length of spark obtainable from 
a frictional machine, A condenser connected across the contact breaker in 
the primary circuit of an induction coil (Fig 360) has exactly the s^e 
effect as a condenser connected with the two knobs of a frictional maclme. 
Perhaps no fact brings out the identity of frictional and current electricity 
in a more striking way. If there is no condenser across tlie contact breaker 
in the primary circuit there is perpetual sparking each tiine the current is 
broken. Since a spark involves the passage of a current, this delays the rate 
at which the current ebbs and hence the rate at which the magnetic field 
varies. Consequently the voltage induced at the break is less than it would 
be if no spark occurred. If there is a condenser of sufficient “capacity” 
across the contact breaker sparking is almost entirely prevented when ffie 
current is broken. The E.M.F* which would momentarily break down the 
resistance at the airgap charges the condenser instead. 

At the make the condenser discharges across the contact, and so opposes 
the flow of current. Hence the current grows more slowly, and dies down 
more abruptly if the condenser is used. The net effect is that the induced 
current at the make is very minute compared with the induced current at 
the break. So the current produced by an induction coil with a large 
condenser in the primary circuit is not an alternating current. It is an 
intermittent current in one direction only. Large induction coils made with 
a secondary winding of several miles in length deliver enormous voltages. 
They can produce sparks several feet long. 

The preceding remarks imply that a current takes a measurable though 
minute period of time to grow to full strength. This can be proved in various 
ways. In the laboratory the simplest way is to prove it indirectly, The 
tnflvirmiTn voltage reached in each phase of an alternating or intermittent 
current can be determined with a voltmeter of very low inertia. If the wire 
in the circuit connecting the generator to the voltmeter is wound into a 
coE the maximum voltage is diminished. The mere fact of winding the vfre 
into a coE does not increase its resistance. The only alternative explanation 
which experiment suggests is that the setting up of a current m any one 
turn induces the flow of a current in the opposite direction in neighbouring 
ones, so that the current does not reach its M strength as quickly as it 
otherwise would. This is supported by the fact that the maximum voltegc 
is fiirther dM core is inserted inside the coE. A piece 

of flex with several parallel strands will exhibit the same phenomenon.^ It 
will act as a “choke,” steadying the ebb and flow of a rapidly changifll 
curr^ as compared with the flow of current from the same generator 
through a straight piece of wire of the saffiC tesist^ttce. Thus the rate at 
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which a current assumes its M strength when contact is made, or the rate 
at which a current faEs to zero when contact is broken, depends on “seif- 
induction” of opposing currents in the same circuit. 

There is also another sort of electrical inertia or damping of the current. 
The maximum voltage in either phase of the alternating current can be 
depressed by putting a condenser in paraEel between the terminals of 
the generator. A very long wire surrounded by an insulator is physically 
equivalent to a condenser, of which the other plate is the earth itself, Thus 
a cable can damp a current by its capacity (p, 644) to store electrification. 

One reason why science can only thrive in a community which appEes 
its conclusions to the regulation of social conduct is that industty provides 
the opportunity of testing theory on a vaster scale than laboratory experi- 


iV B 



Fig. 363.~Inertia due to Self-Induction 


A Leyden jar is discharged by bringing the knob B connected to the outer coat near the 
knob A of the inner coat. If the wire connexion is bent in a loop as shown, a spark 
may occur across G, in spite of the enormous resistance of the air as compared with the 
wire loop. Tlie discharge is so rapid that the deiay in conduction due to self-inductance 
chokes off the current in, the loop. 

ment permits. Alexander tire’s comment upon the e^ansion of metal pip^ 
in a cotton mEl has already shown us how an industrial process can provide 
spectacular demonstration of phenomena which can only be detected with 
careful measurement in the laboratory. “On this scale, the amount of the 
expansion and contraction needs no micrometer to measure it, for it is 
visible to the eye, and may be determined by a carpenter’s rule.” An analogous 
remark applies to the phenomenon of electrical inertia. What is elusive m 
the laboratory and can only be inferred from indirect evidence assumed 
formidable dimensions when the first long-distance cables were laid down, 
The effect was to stimulate a new field of theoretical enquiry, the unmeuse 
practical consequences of which may be gauged from the fact that Thomson 
(afterwards Lord Kelvin) left a fortune of £161,923 from his patents. The 
story of the cable is wi^i told by Growther, from whose essay on Kelvin 
{British Scimtists of the Nineteenth Century) the Mowing is extracted; 

“A cable consists of two conductors, a wire and: the sea, separated by an 
iusulator, guttar-percha, Electrically, it behaves like a condenser, or Leyden 
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iar or the system of two conducting spheres separated by an insulator which 

* Fmday invllieattd, md with which he 
must cass before the insulator absorbs a complete charge of electricai energy. 
The phenomenon of retardation of signals, owing to the prelum^ filhng-up 
Se cha with electrical energy, first became pracnc^y noticeabk 
11 So^Dutch cable, winch was UO miles If 

mMmmm 

tatanmeoffily. The imptise “ “ SL only to a 

totteperccp*lemto6^ dS 

^raaStfai^t :ieSSp'act S 

the effect increased as the square of the len^ ^ 

cable one hmdted milei long be to hundred time* aa 

thousand miles of the same tort of able wnU be tojn^ ^ 

■ great, or forty seconds. Any one to infotty seconds. As 

fionotthecrestofawawcouldatteb^stoodymsigM 

a single letter had to be represm e y P -™rietots could not earn 
de«oyed the practical vade »f'“'=^™'”fSlc for the whole 

profits If the transmhsta of onetdegmw 

of one day. Evidently the mtatdation „/d.e copper 

ance and the capacity, by mcreasmg cytta-percha insulating material. 
*e. and Increasing '^,*?^‘tbte«C&'d they were ready 
WMthaP—f ^.^•^“STcyrus Hdd. and 0. B. W. 
to start construcnon. J. Brett, /360,000. The directors were 

Whitehouse formed » S. n» remmteration until 

te ^oto W been paid a of 10 ^ 

America. ...Whitehouse was suspended, and Tbonison was pnt met g 

The w scale of this enterprise stininlated the powth of electrical theory 
in to S 0« is d.s®bed\ Oowther in fte Mowmg ranarks: 

vHebron^tlfissntotom^ien^to^to^^^^^ 

dal copper, and fito that MMraw . j, ^ 4 ,, 

“ ?The'Sf« beblSnfa^d in twdve hnndmd pieces, eto two 

nromly. Th—^ 
consequences. “ ““Lto, and units 0 ! rneasuretmem. 
g°^“g^ J„lL onMition managed to have a clause sp^ 
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first said its fulfilment was impossible. Thomson’s work had great infiusnee 
on the standardization of engineering materials, and on practical measurement, 
and thus becaine an important preliminary to the mdustrial method of mass- 
production, which can be applied only to uniform raw materials.” 

Crowther also refers to tlie cultural impact of telegraphic development in 
the ensuing passages: 

“The establishment of the Cavendish Laboratory at Cambridge in ISLi 
was in part stimulated by Thomson’s acliievements at Glasgow. Until the 
middle of the nineteenth century university science teaclring in Britain had 
not been orientated in directions of interest to the industrialists who had gained 
the leadership of British society. Before that date university science teaching 
had been inspired by the mercantilists of an earlier period of British social 
development. Under their influence astronomy was the branch of physical 
science with the highest prestige, because safe navigation was dependent on 
a knowledge of astronomy, and successful sea-trading was dependent on safe 
navigation. The prestige of physics in British universities did not surpass the 
prestige of astronomy until the importance of industrialism surpassed the 
importance of mercantilism. The manufacture of machinery, of steam engines, 
and later of electrical machines made aa exact knowledge of tiie properties of 
matter necessary to social progress. Thomson was fond of the term ‘properties 
of matter.’ His interest reflected, in a degree, the interests of the iadustiialist’s 
specialist, the engineers. He was the chief instrument by which the scientific 
studies of the British universities were reformed to meet the needs of a new 
governing class.... In the early part of tire nineteenth century a vast number 
of new and strange natural phenomena had been observed, and began to require 
mathematical description. The new and at first ill-defined and often apparently 
independent facts required very concrete methods of treatment. Their raw, 
uncouth nature tended to wreck the symmetry of general equations. They 
could be seized best by short, uniformly clear descriptions of each isolated 
phenomenon. Thomson’s style of short terse papers was suited to their treat¬ 
ment. Thomson and his friend Tait, who had been appointed professor of 
natural philosophy at Edinburgh, decided to write a Treatise^ on Natmal 
Philosophy, which would expound tlie mathematical physics suitable to the 
contemporary demand. They expounded the science of mechanics, uncon¬ 
sciously, from the standpoint of an ideal engineer who was a master of mathe¬ 
matical physics. Maxwell wrote: ‘The credit of breaking up the monopoly 
of the great masters of the spell, and making all their charms fac^mr in our 
ears as household words, belongs in great measure to Thomson md Tait.... 
Thomson and Tait accomplished, on behalf of the eduated leaders of ^ 
industrial bourgeoisie, the conquest and assinulation of the 
physical culture of the mercantilist class. The influence of tlie result of this 
class-struggle in one of tlie most elevated regions of human wdeavour sp^ 
down into the teaching of elementary matiiematics. 
and Perrv, led the movement for the teaching of practu^ mamematics. 
They explained that the new class of technician, brought into existaia by 
™Sn7S to“ want«i a taowMga of mKhemti.. which wo« te rf 
prS S;Tto in hia job. Tky £ 

Lght the sort of mathematics which they woijri find 
Wlau^ at the grammar schools and universities aa to weie to be te 
coltuial^accomplishment of certain memlHS of “ 

...hnie.! equipment which would enable its possessors toeatu a hvag. Ayrton 
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and Perry desired^ more or less consciously} to conquer elementary mathematics 
for the large class of the skilled worlonen and technicians. Silvanus P. Thompson, 
the biographer of Thomson, was a leader in the same movement, and wrote 
the famous book, Calculus Made Easy, which was an attempt to wrest the 
exclusive knowledge of the calculus from the classes educated in grammar 
schools and tmiversities, and place it at the service of the class of sldlled 
workmen and technicians.” 


EXAMPLES ON ChlAPTER XIV 

1. A ceil of E.M.F. 2 volts and internal resistance 0’6 ohm sends a current 
through a wire of 11 -6 ohms. Find the current. 

2. The terminals of a battery of E.M.F. 4 volts and internal resistance 3 
ohms are connected through a wire of 9 ohms resistance. Find the potential 
difference between the terminals. 

3. The E.M.F. of a battery is 12 volts on an open and 10 on a closed circuit 
with a current of 6 amperes flowing. Find the internal resistance of the cell. 

4. Two cells, each of internal resistance 3 ohms and 1*1 volt E.M.F. are 
connected (a) in series, (b) in parallel with a resistance of 9'6 ohms. Find the 
current strength in each case. 

6. Ten cells, each of internal resistance 3 ohms and E.M.F. 2 volts, are 
connected (a) in one series, (b) in two parallel series of 6 cells through a resistance 
of 20 ohms. Find tlie strengtli of the current in each case. 

6. A battery in open circuit gives with the electrometer a potential difference 
of 4 volts between the terminals. When joined with a resistance of 10 ohms 
tbe E,M,F. is 3■ 6, Find the internal resistance of the cell and the current. 

7. Twelve cells of E.M.F. l-l volt and internal resistance 3 ohms in series 
are connected through a resistance of 240 ohms. What will be the effect on 
the current, if we reverse the poles of three cells ? 

8. Six ceUs ai-e connected in series with a coil and galvanometer. The internal 
resistance of the battery is 10 ohms, of the coil is 60 ohms, and of the galvano¬ 
meter is 20 ohms. If there is a difference of potential at the galvanometer 
terminals of 2 volts, what is the E.M.F. of each cell? 

9. If a pair of torch lamp bulbs are marked 2'6 volts, 0‘3 amp., and 3*6 
volts, 0• 6 amp. respectively, what are their internal resistances? 

10. How many Grove cells of 1*8 volts and internal resistance 0*07 ohm 
each are required to send a current of 10 amps, through a filament of 2 ohms 
when connected in series? 

11. Calculate the length of a coil of resistance wire of uniform calibre if 
the total resistance is 63 ohms, and a piece 1*2 metres long has a resistance 
of 0*6 ohm. 

12. If the specific resistance of platinum is 0*000011, and of copper 
0*00000183, what is the resistance of a cylindrical piece of 

(fl) platinum wire 0*6 mm. diameter, 328 cm. long, 

(J) copper wire 0* 42 mm. diameter, 1,000 cm. long. 

13. If the resistance of a man’s body is found to be 7,600 ohms when the 
fingers of tlie two hands grasp opposite terminals, what current will flow 
through him when he grasps both poles of a battery of 30 Daniell cells in series, 
each of E.M.F. 1 • 1 volts and internal resistance 0*3 ohm? 

14. The positive pole of a battery A is connected to earth through two 
resistances AB, 6 ohms, and BG, 10 ohms. The potential difference between 
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the earth and positive pole being 1*48 volts, what current fiows through the 
resistances when the negative pole is also earthed, and wkt is the E.M.F. 
between B and C? 

16, If a wire could be stretched till its length was doubled, what would be 
the ratio of its resistance before and after stretching? 

16. If three 2-volt accumulators of internal resistance 0*1 ohm are con¬ 
nected in series with a silver voltameter of negligible resistance through a 
resistance of 6 ohms, find (a) the current, (b) the amount of silver deposited 
on the kathode in half an hour, (c) the E,M.F. between the terminals of each 
accumulator while the current is flowing. 

17. Two 1 • 1 volt cells of internal resistance 2 ohms each are arrmsged (a) m 
parallel, (6) in series with a wire of 1 ohm resistance. Calculate the current in 
the latter in each case. 

18. During use the voltage falls and the internal resistance of a fidd tel^ 
phone battery rises. If a new cell has an E.M.F. of 1*6 volts and mtemal 
resistance 0 * 3 ohm, and an old one has an E.M.F. of 1 • 2 volts, find (a) what 
current a new one can drive through a 6 ohm resistance, (b) the intemd resist¬ 
ance of the old one in series with a 6 ohm resistance if the ammeter reads 0*1 
amp. 

19. If the resistance of a 100 metre coil of copper wire of diameter 0 * 6.69 mm. 
is 6 * 63 ohms at 0'-‘ C., calculate the specific resistance of copper. 

20. If four 1*6 volt dry cells of internal resistance 0*6 ohm each are in 
series with a torch bulb of resistance 4 ohms, what is the current flowing 
through the bulb and the E.M.F. at the termmals? 

21. The resistance of the coil of a galvanometer is 108 ohms. If the terminals 
are connected by a 12 ohm wire, what fraction of the whole current will traverse 
the coil when the terminals are included in a circuit? 

22. If the positive terminal A of a Grove cell of 1*8 volts and 0*2 olm 

resistance is joined by a wire of 0*3 ohm resistance to the positive 
terminal B of a Daniell cell of M volts and internal resistance of 0*4 ohm, 
and their negative terminals (C and D) are joined by a wire of 0*5 olun 
resistance, how many volts would a voltmeter reexird, if its termmals were 

connected half-way along AB and half-way along CD respectively? ^ _ 

23. If a carbon fflament lamp takes 0*22 amp. from a 260 volt house circuit, 
what is the resistance of the hot filament? 

24. A telegraph line and its instruments have a net resistance of 2,000 otos, 
and require a working current of 0*026 amp. (28 milhamps.). If worked by 
a battery of ceUs, each of 1*07 volts and internal resistance 8 ohms, how many 

cells will be necessary? , .. 't 

26. Three cells of voltage 1*2, 1*6, and 1*0, with internal resistances 1, 

0 * 6, and 1 • 76 ohms respectively, are connected 

(o) in series with two parallel ecternal resistances of 5 and 26 ohms. 
(6) in series with the same pair of external resistances also arranged 
in series. 

Find the current in each resistance in each case. _ _ ^ 

26 Three cells A, 1*07 volts 4 ohms mtemal resistance, B, 1*5 volts u a 
ohm internal resistance, and C, 2*0 volts 0*3 ohm internal resistance arc 
connected in series with a wire of 83 ohms resistance.^The connexions ot C 
are then reversed. Find the current in the circuit in each c^. 

27, If in the preceding example A and Bare connected mparallc ^ 

a battery connect^ in series with C, to the same wire, find the current m the 
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lattetj and also find what it would be if A and B were alone connected in 
parallel with an external resistance of 60 ohms. 

28. An overhead cylindrical telephone wire of bron 2 e has a specific resistance 
of 3 • 37 microhms. If the diameter of the wire is 0 • 122 cm., what is the resistance 
m one mile of the wire? A microhm is 10-® ohm. 

29. Using the Wheatstone bridge, an unloiown resistance is measured 
against a 6-ohm resistance coil. Find the unknown resistance if there is no 
galvanometer deflection when contact is made at 28- 9 cm. along the metre wire. 

30. A current from a battery is allowed to pass for 50 minutes thraugh a 
variable resistance (as in Fig. 340), an ammeter and a voltameter, which has 
copper electrodes in a solution of copper sulphate. The current was kept 
constant by tlie variable resistance. The reading of the ammeter was 1 * 44 amps, 
and 1 ■ 482 grams of copper were deposited on the kathode. Find the current 
in the circuit if tlie electrochemical equivalent of copper is 0*0003294 gm. per 
sec. per amp., and calculate the error in the reading of the ammeter. 

31. In measuring the E.M.F. of a cell of internal resistance about 1 ohm, 
a voltmeter which has a resistance of 2,000 ohms is used. If the cui'rent through 
the voltmeter is neglected, find the percentage error involved. 

32. The resistance of a galvanometer coil is one-third of an olm. The current 
registered by it when connected with a cell is halved if a wire of 0*1 ohm 
resistance is placed across its terminals. Find the internal resistance of the cell. 

33. Using the Wheatstone bridge an unknown resistance is measured 

agahist . . , , 

(fl) a 6 ohm resistance so that balance is obtained when contact is 

made at 39*7 cm. 

(b) a 10 ohm resistance so that balance is obtained when contact is 
made at 24 *7 cm. 

Determine the value of tlie unknown resistance. _ ^ 

34. If tlie specific resistance of copper is 1*77 microhms at 0 C., what is 
tlie resistance in a mile of copper wire of diameter 0*325 cm.? Calculate what 
tlie resistance will be when the temperature is 77 F. (Temperature coefficient 

of resistance of copper =0*00428 per degree Centigrade.) 

36. If the resistance of a galvanometer coil is 20 ohms, what resistance 
must be shunted between its terminals to reduce tlie current absorbed by it 
to 1 per cent of tlie total current in the circuit? Find also how the current in 
the test of the circuit is affected if its resistance is 20 ohms (excluding the 
shunt), and what further resistance must be put in tlie main circuit to keep 

the current unaltered. . r • 

36. When a flashlight battery is run for 20 minutes through a wire of resist¬ 
ance 8*85 olims, the current is found to fall from 0*42 amp. to 0*27 amp., 
and the E,M.F^a8 measured on a voltmeter is found to fall from 4*36 volts 
to 3*0 volts. What are the initial and final values for the internal resistance of 

tlie cell? . 

37. Across the terminals of a galvanometer of 260 ohm resistance a wire 
of 26 ohms resistance is inserted. A cell of 1 * 6 volts and no appreciable internal 
resistance is put in series with it through a 1,000 ohm resistance. If the deflec¬ 
tion is 200 scale divisions, find how many amps, correspond to one scale ditdsioii. 

38. Find the length of time it takes for a current of half an ampere to deposit 

1 gram of silver from a silver nitrate solution. \ ^ 

39. The tangent galvanometer is used for measuring electric currents by 
means of the magnetic effects of the current in a coil of wire on a compass 
needle placed at the centre of the coO. 
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A constant current passed through the coil of a tangent galvaaomcfet ciuies 
a deflection of 35 “, and when the same current is passed for half an hour ihien^h 
a copper voltameter containing copper sulphate MU grams of copjxr art 
deposited. Find die reduction factor of die gulvanometer, ic. the number bv 
which the tangent of die deflection must be multiplied 10 bring die current lii 
amperes. 

40. A battery is connected in series widi a resistance box and mi mmmi. 
When the resistances of 100, 200, 309, and 400 ohms arc unplagpd in the 
box, the ammeter gives readings of 00*0, 06*0, 4S*,1, and 38*6 diwiksns 
respectively. Determine approximately what other reiisrmce there is in die 
circuit. 

41. If an ammeter, which reads milli-amps., has a range of fi to 16 milfoamp. 
and a resistance of 5 ohms, find the series resistance required so that it can 
be used as a voltmeter with a range of (a) 0 to 76 volts, {f<) 0 to 150 volts. 

42. Calculate die cost per hour, if the Board of Trade uaii cats &!., to 
illuminate a room 

(n) by four 16-candIe-power carbon lamps requiring 31 watts per 
candle, 

(6) by two 40-watt metal filament lamps, each giving about 32 andks, 
(c) by one 60-watt gas-fiUed lamp of about 100 caiidin. 

43. A brass vessel of specific heat 0*09 weighs 66| grams, and awtains 
60 grams of water at 20° C. A current of 4 amps, is passed through with • ceil 
of 3 ohms resistance immersed in the water. Use the value for the electtial 
equivalent of heat given on page 69.7 to find the temperature at the end of 
five minutes. 

44. If 56 grams of water at 15° C. are heated in die same vessel with a heating 
unit of 2 • 6 ohm resistance connected to a I * 2fi volt cell of negligible resistance, 
what will be the temperature after ten minutes? 

46. How long would it take to boil 1 litre of water at 15“ C. with a heating 
unit of 25 ohms and an E.M.F. of200 volts if the initial temperature was If G.l 

46. What is the current passing through the filament of an eteric lamp 
marked 40 W. 230 V., and what is the cost to use tins lamp for an hour if the 
price of the Board of Trade unit is 6|d.? 

47. What is the resistance of a 40 W. 260 V. lamp? 

48. A lamp of resistance 4 ohms is lit by four Ledanch^ cells coaamd 
in series. Each cell has an E.M.F, of 1 * 5 volts and intemal resistance of 0*5 ohm. 
Find (a) the current through the lamp, (b) the potential difference at its ter¬ 
minals, (c) how many watts the lamp requires. (1 watt = 1 volt x I ampere.} 

49. From the above example, find what will be the cost of the anc dissdvcd 
in the four Leclanchd cells if the lamp is run for one hour, and if tk c«t of 
battery xincs is about two shillings per pound. (1 lb. = 453*6 grams, Electro¬ 
chemical equivalent of zinc =0*000343.) 

50. If a tungsten-filament vacuum lamp of 52 candl^power tak« a cutrai 
of 0*27 ampere when the voltage is 232*8 volts, find (n) the rfiWttMC of the 
hot filament, (6) how many watts the lamp consumes, (c) its cffickacy in ctwfie- 
power per watt, and (ti) how much it costs to use the lamp fa one Iw 

the charge is 6d. per unit. , , 

61 The temperature of a platinum wire keeps f abtws flat of tl« lt»* 
rounding objects when a current of one-tenth of an ampere is pis«d 
it What will be the temperature of the wire when a oattat of aw-fifth « 
an ampere is passed through it, if you assume that the difference in tempaftit* 
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is proportional to the loss of heat, and disregard tlie variation of the resistance 
of the wire with temperature. 

52. If the grid of nichrome wire in an electric toaster takes a current ot 
amperes when the voltage between its terminals is 2« volts, find (a) the resist¬ 
ance of the hot wire, (6) how many watts it consumes, and (c) how much it 
costs to use the toaster for ten minutes, if the charge is 6d. per umt. 

63 Calculate the temperature-coefficient of nichrome from the previous 
example if the resistance of the grid at 16“ C. is 96-9 ohms, and assummg that 

tlie hot wire is at 400° C. , ,. 

64. If the terminals of a battery, of E.M.F. 16 volts arid internal resistance 

6 ohms, are connected by a wire the difference of potential beween the ends 
of the wire is 12 volts when the circuit is closed. How many calories are bemg 

produced in the wire per minute? rn 

66. If a gas-filled lamp of 200 candle-power takes a current of 0-46 ampere 
when the voltage is 230*9 volts, find {a) the resistmce of the hot filament, 
(h) how many watts the lamp consumes, (c) its efficiency m candle-power pe 
how it COM >» uso the lamp fot one hoot if dm chm^e « 

*^66.'how many watts aie expended when s LeolmiiS 

“et Id' 

—"“rS 

catty a coitent up to 8 mpeKS, (a) how much MiatanK must be ^d 
in sLles with the cells, (6) how many watts are consumed,^ (c) how many ot 
these watts are put into the cells, and (d) where does the remamder of the power 

^*^°6^*ATower^station sends power to a place at ™ 
means of two lines, transmitting one current at 260 volts and ^ 
10,000 volts. Calculate what the ratio of the areas of cross-section of the 
lines must be so that there is the same loss of heat m both. 


THINGS TO MEMORIZE 


1. Olim’sLaw. C 


E 

“r‘ 


2. Resistance, R - — j where s is tlie specific resistance, / the length, and 

d 

a the cross-sectional area. Ill 

3. Resistances in parallel. Total resistance given ^7^ - " * ' ’ 


4. Theoretial unit of current = cuirent which, whm it «««> “ m 
1 cm. long of a elide 1 cm. radius, acts on unit magnetic pole placed at the 

‘T«e‘!’““toSk unit.= ament whidi libetatea per aecond 
0 < 001 118 gm. of silver from a neutral solution of silver mtrate. _ 

“ ZSd milt of E.M.F. Unit EM.F. eidst, “ 

a wire when work egual to 1 erg is done on umt charge m moying « from the 

one point to the Other. ■ 
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1 volt = 108 theoretical units. E.M.F. of Weston standard cell at 20° C. is 
1'0183 volts. 

6. Theoretical unit of resistance. A conductor has unit resistance when 
unit E.M.F. produces unit current in it. 

1 ohm = 10' tlieoretical units = resistance of a wire in which an E.M.F. 
of 1 volt produces a current of 1 ampere = resistance of a uniform column 
of mercury, 106-300 cm. long and of mass 14-4521 gm. at 0° C. 

7. Electrical power (watts) = C'R = EC = 

R 

1 watt = rate of working of 1 joule per second = power produced by a 
current of 1 ampere at an E.M.F. of 1 volt. 


CHAPTER XV 


THE WAVES THAT RULE BRITANNIA 

Our last chapter ended with the crowning achievements of power production 
in the latter half of the nineteenth century, and die new means of communi¬ 
cation which resulted from the discovery of a new source of power. TMs 
one will deal with a discovery which became part of everyday life m the 
opening years of the century in wliich we are Hving. It is sometmes, mdeed 
oLn, said that the discovery of wireless telegraphy was duect resdt 
of a mathematical theory put forward by James 
atory as it is told, and not a few have adorned it ^^^h moral. ta Tme 
concludes the chapter on MaxweU’s work m her useful book, Makers oj 
Science-Electricity and Magnetism, with the followmg comment on: 

the unfortunate conclusion that teclinical inventions and practical app tons 
are the sole justification for the labours of the man of science.... The search 
for Imowledge is its own reward. If it leads to appUcations of 
11 nnnri Tf Tint it is still worth while. Ihe evolution of Wireless Tele- 
S!phy affords an exaSnple of one who laboured for knowledge alone, one who 
was a supreme theorist, a visionary, and a dreamer. 

Such sentiments, which abound in scientific text-books, perpetuate a 
mistaken antithesis between individual preferences and the social cirora- 
stances which determine how they are exercised, encouraged, or apphed. 
To be a good scientific investigator, a man (or woman) must ^mdy 
interested in his job. That is what makes it worth while from Ins own pomt 
" mat hikes it wordi while from the standpomt of other peopk is 
whithir it endows human life with new powers and inventions, or affords 
cone for ostentation. Whetiher lie individual investigator succeeds 
in gettinv^opportunities to do the things which are worth wWe to hm depen^ 
on whether he can get society or other individuals to beheve that what he 
ilnd to do is worth while to them, To get the fullest advantage of the 
St wlil scLe can provide, the citixen inust see to ^ose 
eniov making scientific discoveries are encouraged to do so. To get the 
fullest opportunities for doing the kind of work which is ^ “ 
thLelves scientific workers must participate m their responsibihties as 
riti^ens Among other things this includes refrainmg from the arrogant 
1 prto « . for 

taard as to pka tot sdence should be encouraged 
for ^oCrjra survive of Ptomsm and of to aty-S.ate 
rfslave omership. It carries with it to neme^ of its on^ Saence toes 
hv its annlications To justify it as an end in itself is a pohcy of defeat. The 
K.« SSce cLotV made by a sodety m wMA to pmmof 
faveiy is to toy of a pritdleged class, or by a socie^^ win* * 

benefits of its application to a tdatiwly small group of mdmduak. Saence 
"idly who. its benefit ate heeriy re»gn.aed because 


The Waves that Rule Britannia 737 

widely shared, especially when it brings new prosperity to a previously 
unprivileged class. It will attain its highest dignity in a classless societ}’ 
wifich demands the means of an advancing standard of leisure and well-being 
for all its metnhers. In a classless society ostentatious emphasis on the 
pursuit of useless activities will no longer be the hallmark of prosperity or 
good breeding. Discussing whether useless studies are worthwhile for their 
own sake will be like discussing whether chewing gum is worthwhile for 
resown sake. 

The encouragement which the scientific worker gets from the society 
in which he Uves includes far more than his livelihood, the equipment wliich 
he can secure and the modicum of respect which sustains the efforts of 
reasonably modest people. A society facing new practical tasks of industry^ 
agriculture, disease, or protection, forces new problems on the attention 
of individuals who are capable of solving them. So was it with Maxwell. 
It was his good fortune to live in a time when new practical tasks made 
unusual demands on such gifts as he possessed, created special oppommities 
for their exercise, and was lavish in recognizing their merits. He graduated 
about the time when the English Channel cable was laid, The severely aaide- 
mic atmosphere of the university in wliich he studied was mitigated by a tour 
of British factories undertaken at his father’s request. The chair which he 
subsequently occupied was created in response to the popular demand for 
modernizing the teaching of science at the older English universities in 
accordance with the aspirations of the manufacturing classes. It was estab¬ 
lished during the decade when the struggle to remove them from ecclesiastical 
control reached its climax in the repeal of the religious tests (see p. 021, 
Qiapter XIX). 

Indeed, it would be diflScult to select the career of a scientific man whose 
choice of problem, public esteem, and social opportunities were more closely 
related to contemporary social circumstances. His main achievement is a 
symbol of the cultural compromise achieved by the aeation of the new 
physical laboratory over which he presided, In Maxwell’s treatise the New¬ 
tonian mathematics of the older universities was linked to the experimental 
measurements made by Faraday and Henry in extramural foundations, sucli 
as the Royal and Smithsonian Institutions. As with the form, so it was with 
the substance. From the be ginnin gs of practical telegraphy the possibility 
of propagating electrical phenomena though space without the aid of 
conducting material in the ordinary sense continually prompted speculation 
and experiment. In the adventurous hopefulness of nineteenth-century 
industrialism, telegraphy without wires was the philosopher’s stone and the 
filivir of youth, Thus far, telegraphic communication was the most spectacul^ 
achievement of science. As such it received its full share of recognition in 
the Great Exhibition which coincided with the Continental Cable venture. 
Two years later-in 1853-Dering, an inventor whose electrical appliances 
received an honourable place among the exhibits, referred to “the craving 
there is at present for wireless telegraphs.” This was the year in which 
Maxwell became second wrangler. 

The craving is not difficult to explain. As the distance traversed by elec¬ 
trical communications increased, the total cost became more and more a 
2a 
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mere question of outlay on cables. A discovery which had recently resulted 
in a 60 per cent economy illustrates the dose association between theoretical 
sdence and the social demand for a cheaper method of transmission. The 
famous mathematician Gauss was responsible for a project to use the double 
track of the railroad as a cable substitute. Efforts made by Steinheil to adopt 
it on the Nuremburg-Fiirth line were fruitless owing to faulty insulation. 
He discovered that this was due to conduction through the earth. By sinking 



Fig. 364.—Electromagnetic Induction in a Vacuum 


In, tliis arranEement the primary circuit runs parallel to &e secondary^ circuit, and 
inclosed in a mbe eidiausted by an air pump, when ihe tey of the “ 

pressed or released the current is made or broken. A click hemd in die tegoi^e 
receiver conneaed to tlie secondary circmt registers the mductive effect, wing is 
Siis propagated through empty space. Telephone wires placed on opposite 
a rivet have been used to transmit wireless messages m this way across very short 
dlSerFor Morse code signalling it is necessary to have a buzzer based on Ae 
same principle as the electric bell, in the primmy OTt. ^h^kp^ 
a long or short succession of clicks correspondmg to long or short pressure on the key 


plates deep in the ground Steinheil produced the “earth circuit” (Fig. 321) 
which made it possible to use one cable to do the work for which two had been 
necessary. This was in 1838. Thereafter single-line transmission was uni¬ 
versally adopted. , , • 

Meanwhile Faraday’s discoveries about electromagnetic mduction had 
given some substance to the hope that all cost involved in laying dovm 
cables could be cut out. An illustration shown in Fig. 364 will m^e this 
clear. An alternating or intermittent current generated in so. induction coil 
produces a buzzing sound in a telephone placed in series with the secondaiy 
circuit. This buzz, now used to detect cunent in a Wheatstone bridge circuit, 
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can also be used as a signal in a crude form of wireless communication over 
short distances. To produce an alternating or intermittent current by induc¬ 
tion, the secondary circuit need not surround the primary. It may be placed 
parallel to it some ^stance away. In such an arrangement the primiity' circuit 
with its key and interrupter constimtes a transmitter, and the secondary 
circuit with its ^ telephone constitutes a receiver for signals which are 
communicated wiAout any material connexion. Attempts to devise a practice 
able system on this basis were made. They were doomed to failure from the 
start, , because the strength of the induced current falls olf rapidly as the 
distance is increased. Transmission over distances greater than a few feet 
therefore demands enormous coils and tremendously pow'ciftl sources of 
current, or alternatively a far more sensitive detector for induced currents. 

The scientific discoveries which brought wireless transmission out of 
the classroom into the domain of everyday life belong to three classes. One 
includes certain phenomena which were encountered in connexion with 
attempts to demonstrate the common characteristics of frictional and current 
electricity. To this class belongs the oscillatory discharge. A second includes 
devices invented to meet the requirements of practical telegraphy of the 
earlier type. To this class belongs the lighming protector which was the 
parent of the coherer. To the third belong discoveries prompted by theoretical 
interest in the common characteristics of electromagnetic induction and 
light. Some of these discoveries resulted from the pursuit of qualitative 
analogies before Maxwell’s time. His systematic treatment of the whole 
subject in its quantitative implications undoubtedly increased the confidence 
with which experimental physicists and tedmidans explored the application 
of the wave metaphor to wireless transmhsion. It is al^ true that the vindi¬ 
cation of Faraday’s views by the quantitative teste drawn from Maxwell’s 
formulae would not have been possible unless subsequent empirical dis¬ 
coveries had been made. Purely empirical discoveries whidi cannot be deduced 
from Maxwell’s teaching furnished the means of testing its aedentials; and 
purely empirical discoveries which were made in connexion with practical 
telegraphy made it possible to supersede the latter. 


THE OSCILUTORY DISCHARGE 

In tracing the story of how the craving for wirdess telegraphy w^s at 
length satisfied, the discoveries which contributed most to success wffl be 
dealt with under the three headings already outlined. 

The first batteries were regarded as electrical machines capable of main¬ 
taining a fixed but small potential, because they were able to reproduce what 
were then regarded as two of the three most characteristic properties of the 
latter. They could make sparks and shocks. The chemical and magnetic 
properties of wires connected with a battery raised a new problem. In 1821 
when Ampde and Oersted first discovered the magnetic field of the electric 
current, Davy set out to test the possibility of produdng a magnetic fidd 
by the current which flows m a coil of wire connecting the coats of a ds- 
charging Leydoi jar. Since a condenser discharge is of very short duration, 
he could not detect the temporary magnetism of a soft iron bar placed in his 
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coil. He then used steel needles. Though less readily magnetized, steel 
needles retain their magnetism after the current ceases to flow. By repeatedly 
charging Leyden jars from a frictional machine (see Fig. 314), Davy was 
able to obtain a detectable magnetic after-effect in the needles. 

Subsequent repetition of this discovery by several other investigators, 
notably Henry (1842), led to the recognition of an unforeseen anomaly. 
Even when the same terminal of the Leyden jar (Fig. 365) was always 
connected to the same terminal of the machine the result was not exactly 
the same. Sometimes it would happen that the end of the steel needle nearest 
the positive terminal of the elearical machine was the north seeking pole, 
sometimes the reverse happened. As anticipated, tlie iron became magnetic. 
Contrary to expectation, its polarity was indefinite. 

One of two conclusions may be drawn from this, We can infer either 



Fig 365.-APPARATUS to Show indefinite Polarity produced by the current of 
the spark discharge ■ 

(a) that electrification by friction and electrification by chemical decomposition 
are different, or (h) that the current does not flow continuously in one direc¬ 
tion during the passage of the spark. It might for instance surge backw^ds 
and forwards. There is nothing intrinsically ui^ely in this supposition. 
On the contrary, the mechanical analogies which have suggested other 
characteristics of the current would lead us to expect something of the sort. 
In mechanical changes, a rapid drop of potential, as when two cotas of 
mercury at different levels are connected in a U-tube, or when a sudden )erk 
is appfied to a weight suspended by a spring, often results in a periodic 
motion. Periodic motion of this sort is what the principle of inerua_ would 
lead us to expect (see p. 293). The growth of a current has a sluggishness 
comparable to theinertia ofmoving matter, as can be seen when a condenser 
or a choking coil is used in an alternating current (Fig. 363). By analogy we 
should not expect an impulsive discharge accompanying the msappearance 
of a large voltage to take place in one step. We should expect it to overstep 
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the mark, so that each terminal would alternately become negative and 
positive while the difference of potential is being equalized, 

Henry, who discovered the phenomenon of self-inducdon and corapiired 
it to the inertia of matter, drew the conclusion that the indefinite magnetic 
polarity resulting from Leyden jar discharges must be due to the combmadoa 
of two agencies. One is the effect of a current on the power of iron to retain 
or forfeit its magnetism. The other is the oscillatory nature of the discharge, 
or, as he put it, “the existence of the principal discharge in one direction 
and then several reflex actions backward and forward, each more feeble 
than the preceding until equilibrium is obtained.” An alternative and more 
convincing test of the truth of this explanation is provided by what hap|)ens 
when we use the Leyden jar discharge for showing the ability of the frictional 
machine to accomplish chemical decomposition. Any part of the circuit 
containing the coil in Fig. 365 may be replaced by a strip of blotting paper 
moistened with a solution which conducts electricity. In geneM, such 
solutions are partially decomposed by the passage of a current. An extremely 
sensitive mdicator for the latter is a mixture of starch and potassium iodine. 
Iodine, liberated at the anode during electrolysis, rams starch c deep blue. If 
the current were to traverse the spark gap in one direction, tk region round 
the free end of wire nearest the positive terminal of the eleciiical machine 
would therefore become blue, and the region round the opposite end of wire 
would not change colour. Experiment shows that the solution becomes 
equally blue in the neighbourhood of a wire directly connected to either 
terminal of the electrical machine. 

Cinematography makes it possible to take continuous films which show 
that the discharge of a condenser is an exceedingly rapid succession of short 
sparks of diminishing brightness. This is equally true of the sparks which 
occur when a condenser, such as a Leyden jar is discharged, or of the sparks 
which are produced between secondary terminals of an induction coil (Fig. 
360). A spark is therefore an alternating current accompanied by the produc¬ 
tion of incandescent heat. Rapid cinematographic films of the spark dischaige 
show that there may be thousands of altcmating phases in a single spark 
discharge, which itself lasts less than a thousandth of a second. From the 
standpoint of wireless telegraphy the importmt thing about spark disamrge 
is that it is an altemaiing'current of enormously Mgher frequency thm of any 


current produced by a mechanical interrupter. , . - a 

its importance depends on the circumstances which deade the myutucte 
of induced currents in a secondary ckcuit. The maximum voltage betwwn 
the ends of a conductor, in successive phases of the a.c. set up by a 
current in a primary circuit near to it, may be changed in three ways, ine 
brightness of the spark or the length of the spark gap of an mdumon m 
can be decreased: by using a less powerful battery to work it, by shdmg the 
secondary coil away from the primary if the former is movable, and ny 
substituting for the spring interrupter another with a lower natural ftequency 
of vibration. Increasing the voltage appHed to tiie primary aremt, 
the intervening distance between the two circuits, or rmsing Ac Ijequenq 
of make and break, can each by itself produce a_ higher ^ 
Thtc inranR that if the voltaM in the primary aremt is fixed, a nigncr 
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frequency of variation in the primary circuit will exercise the same inductive 
effect at a greater distance from it. 

These considerations may have influenced Henry in a noteworthy experi¬ 
ment which he performed in the forties. In his book American Mm of 
Sdencei Crowther tells us that Henry 

connected one end of a coil in his study witli tire metal roofing on his house 
and the other end to a metal plate in a deep well near the house. He found 
that needles put in the coil were strongly magnetized by lightning flashes 
which occurred “within a circle of at least twenty miles.” ... He showed that 
the current produced in the house circuit was oscillatory. He found that if 
a discharge from several Leyden jars was sent tlirough a wire stretched across 
the campus in front of Nassau Hall, Princetonj “an inductive effect was pro¬ 
duced in a parallel wire, the ends of wliich terminated in the plates of metal 
in the ground in the back of the campus.” The distance between the wires 
was several hundred feet, and the building of Nassau Hall stood in the inter¬ 
vening space. 

Thus Henry discovered the greater efficacy of currents alternating with 
extremely high frequency, and took the first decisive step in devising what 
is still the means used to produce them. The spark dis^arge remains the 
most powerful way of exciting inductive effects at a distance. The next step 
in the evolution of a practicable system of signalling without cables was to 
discover some more sensitive detector of induced currents. 


THE LIGHTNING PROTECTOR AND THE COHERER 

While the production of cheap cables remained a dominating economic 
problem of electtical technology, there was a feverish search for new informa¬ 
tion about the resistance of conductors. One such discovery was first made 
in the thirties. It played a most important part in the development of cable 
telegraphy, and made'telegraphy without wires a practical possibility. Its 
connexion with other known facts about electrical phenomenon is still rather 
obscure. No one who has toyed with electrical equipment needs to be 
reminded that loose contacts give rise to high resistances. Hence a tube 
loosely packed' with a powder of metallic particles, such as fine copper or 
iron filings, is a poor conductor to ordinary direct currents. This is not true 

of its behaviour when traversed by alternating currents of very high ftequbh- 

des, especially the “oscillatory” currents-during the discharge of a Leyden 
jar. If an oscillatory current is passed through a tube lightiy packed with 
fine copper filltig s it becomes a good conductor, as if the particles had been 
made to stick together. UsuaUy they go on until the tube is tapped 
or otherwise shaken, An early application of this fact is indicated in a British 
patent spedfication (No, 165 of 1866) under the names of C. and S. S. Varley, 
who devised a lightning protector for telegraph stations. 

One of the embarrassments of the single-line system (Fig, 32^, which 
uses the earth itself as one cable, is that the aerial telegraph wire earth- 
connected through the fine coils of the recorder is essentially like Benja^ | 
Franklin’s lightning protector. When the overhead wire picks up the electrical 
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discharge a powerful current must flow to earth through the seiiiiive csih 
of the instrament, uriess the latter is in some way protected, lastrumenis 
were often fused during thunderstorms before there was a way of avoidka 
this. Varley’s solution, which was widely adopted by tdegmph stations, was 
to put a coherer consisting of a tute of fins copper in parallel with the over¬ 
head wire and the earth plate of the circuit (Fig. 3 Ch]}. In ordinary drcuiii" 
stances its high resistance could cot appreciably sick-track the current from 
the instrument. When the overhead wire was struck by the oscilhtoiy 



3 


Fig. 366.--THB VAaEV Lreinmm pROTECTOK 

Owing to the high resistance of loose contacts in the coherer, nearly ail the c^rent 
flowing between the underground plate of the earth circuit and the oveihesd wire 
ordinarily passes through the coils of the instrument. During a hghffiffig discMrge 
the osdllatory current induced in the circuit immediately adam coherence ot 
metal particles in the coherer, thus making the latter a mudi better conductor tijaa ilis 
recordmg instruments. So the lighming disetege is short arewted to earth as in a 
lightning conductor of the type which Benjamin Franklin mtroduceo. 

lightning discharge, it taediately became a good conduaor and 4ort- 
dreuited the current which would otherwise flow through the cods of the 
recorder. The overhead wke then acted as an independent lightning conductor 
dining a thunderstorm without damage to the apparatus. 

For use as a lightning protector the sensitivity of Varley s coherer to wy 
minute high-frequency currents was not a matter of importance, mat made 
the coherer an essential step in the subsequent development of 
telegraphy is the fact that a device of this type can he inack_ m cohere by 
.xtHly mmU oAtory cumnB, It « 
detector for Ugh ftquency Wttedoo. The d«,mj 
mdepettdeid, by several dectrioaiis. mrkmg on the 1**“* “ 

metallic particles in microphones of the customaiy type, which depends 
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the variable resistance of a powdered conductor under mechanical percussion 
(see p. 688). Fleming tells us of one observation which emerged from work¬ 
shop practice at an early stage. Microphones with carbon steel granules 
will respond by a click to small sparks in the same room. This occurrence 
embodies all the essential features of the first wireless installations. 



hmer 


Fig. 367 

The fundamental features of Wireless Signalling are exhibited “ 

when a coherer is excited by the oscillatory current from the spark of anjnducton 

coil. The latter can be switched on and off by a key m the P-f f/ifoWd 

Currents induced in the coherer make the latter,a good conductor So if nj 

in series with a battery and a telephone receiver it will switch the current in Ae tde 

phone on and off, when the key in the transmitting circui 

If a vibrating key of the Morse type is used, a short (dot) and long (dash) succcosion of 

sparks can be sent outin accordance with the Morse code. 


Xlffi BEVIVAI, OF THE WAVE METAPHOR 

Indeed we can well imagine that wireless telegraphy would have been 
invented if no new theoretical enquiries into the relation between induction 
and tight had been undertaken. None the less it would be foolish to over¬ 
look the fact that theory and practice both contributed to the same result. 
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The new theories whetted the appetite for discovery, encouraged the hope 
that science could satisfy the craving for telegraphy without wires, and 
coordinated the curiosity of numberless investigators to the same focus. 

To understand why a new scaffolding of metaphor was erected as a prop 
to further extensions of electrical knowledge we must now recall what wc 
have already learned in Chapter VI. During the seventeenth century Galileo’s 
mechanics were applied to the study of musical instruments, This led to 
a more precise view of the way in which sound is propagated. Offing to the 
inertia of the material medimn—air, earth, or water—a vibrating body 
cannot bring the whole of the matter which lies along a sound track to 
move simultaneously like a continuous piston rod. The disturbance due to 
a pure note is carried forward in alternate regions of compression and 
rarefaction, each separated from the next by a distance called the tsmekngih 
(W). This is connected with the speed (S)*of the advancing track and with 
the frequency of the vibrator (n) by the simple fonnula: S--nW. This 
formula shows us how to make use of two fundamental properties of sound 
production. One is interference^ the other resomnee. 

Simultaneous interest in the development of the telescope during the 
Newtonian period led to new discoveries about light—its finite speed, 
diffraction at the edges of a shadow or image, polarization, and its ability to 
pass freely through a complete vacuum. The phenomenon of diffraction 
was recognized by Huyghens as a form of interference. The firat two of the 
four characteristics mentioned pointed to a dear similarity between light 
and sound. The last drew attention to a fundamental difference. So scientific 
theoreticians were sharply divided into m camps, those who adopted the 
wave metaphor, and those who found it repugnant to common sense, as 
indeed it is. When sdence responded to the impact of frrther improvements 
in glass technology and the manufacture of optical instruments during the 
third and fourth decade of the nineteenth century there was a revival of 
interests in optics, espedally int France, where the phenomenon of mterfe- 

,ence was re-investigated byFrmel,whose method was described on pap 

Fizeau and Foucault made new and accurate laboratory determinations of 
the speed of light (p. 330). The wave metaphor was used to explore me 

mlogy betWMi Kgbt md somd. The ideologiol tmpet of saeoct w 
mdy fot a «ew orieotation whoa Faraday showed ^ >* 

between conductors separated by a vaennm (Fig. 304). imply spaa 
now held out the hope of makiiig money, and gained in snbstana accotdi^y. 
In the stdal conte^ of dooded mines,the 

TTTnc tint it bad no weicht. In the soaal context of Atlanuc telegraphy me 

"oftSfic carL Faradays aeard. for new etaied 

' ■ ■ 2a* 
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phenomena was guided by a parable hypertrophied to the liniits of sheer 
paradox. 

Apart from the fact that the discovery of new things about light and 
electricity happened at the same time, there were special reasons why scien¬ 
tific workers could not resist the search for some connexion between them. 
One depends on the fact that light and induction exhibit different similarities 
to sound production. Light propagated through empty space can be made 
to reproduce one of two characteristic phenomena of soMd production. 
That is to say, two beams of light can either reinforce or interfere. On that 
account we can assign to light of different colours a range of wave-lengths. 
'To pursue the analogy further, we should be forced to draw the conclusion 
that a light wave is produced by vibrations of enormous frequency. From 
interference measurements we assign to the Dj line in the sodium spedim 
;a wave-length of 6896 X 10-® centimetres. The speed of light is 186,000 
iniles, or 300 million metres (3 x lO^" cm.), per second. From the formula 
;S = «Wwefindthatn = 600 , 000 , 000 , 000,000 (approximately). In the mne of 
Faraday there were no known facts about transmission in a vacuurn to give 
the number n a tangible meaning. This is another way of saying that there 
was no knowledge of any optical phenomenon analogous to resonance m 
sound production. Induction provided the first e^niple of a phenomenon 
analogous to resonance in propagation through empty space. _ 

In sound production resonance may be of two kinds. A vibrator made like 
•a piano wire, an organ pipe, or a tuning fork, has one princip^ frequency 
with which it oscillates. It will respond at rest to a vibrator, which produces 
the same principal note, or to the corresponding subsidiary superimposed 
vibrations called haimonics. Thus the resonance of a tunmg fork or pi^o 
wire is selectm. To make one violin string resonate to the note of another 
one of different materials or dimensions, we have to shorten or lengthen it 
till it would have the same natural period of vibration if jerked. A flat 
circular diaphragm like a drum membrane on the other hand is much less 
selective. Owing to its shape it will vibrate with different frequenaes when 
struck in different ways. Having a large number of “natural frequencies, _ it 
responds to a great range of sound. That is why it is used in the construction 

of a telephone transmitter or a recording gramophone. ^ _ , 

The periodic change of direction of current in the secondary circmt, when 
an alternating current flows in the primary circuit of a transformer, is analo¬ 
gous to the non-selective resonance of a flat circular diaphragm to notra 

nf a piano. Taken together, Fresnel’s work on the spectrum and Faradays 
discoveries about induction showed that disturbances propagated tough 
■empty space could reproduce both the outstanding features of sound tracks 
in a material medium with elastic properties like air or water. Empty space 
was accordingly filled with an obliging and all-pervading blan(mange raffed • 
•the ether. The sequel proved two things. The crudest hypotheses can be 
fruitful if continually refined by use, and curiosity is a far more important 
asset to discovery than sophistication. , ' . 

The standpoint of Science for the Citizen k that a scientific explanation is 
•one which is vindicated by practice. Laws of science are rules or.recipes tor 
■the conduct of practical affairs. As such we can distinguish two ways m 
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which they fulfil their use. One is to provide us with a large mass of relevant 
information in a compact form. The other is to explore common features of 
seemingly distinct occunences. The first may be a step towards the second. 
On the other hand it is not a necessary one. Readers of aimc fiction will be 
familiar with two types of detectives. One adopts the rard index method of 
Bacon, collecting all relevant information piece by piece. The other follows 
a hunch, like Newton, and, like Newton, abandons it at once when it comes 
into conflict with observed facts. From time to time the philosophers of 
science emphasize the merits of one or the other, and write as if one or the 
other were the true method of science. There is no one method of sdence. 
The unity of science resides in the nature of the result, the unity of theory' 
with practice. Each type of detection has its use, and the best detective is 
one who combines boli methods, letting his hunch lead him to test hypotheses 
and keeping alert to new facts while doing so. 

Faraday was in this sense the best detective. Through lack of university 
education he had never acquired an intellectual faculty for devising arguments 
against trying out new expedients. Having equipped the vacuum and intra¬ 
molecular space with his ^-pervading blancmange to accommodate light and 
induction, he drew the inescapable conclusion that electrical or magnetic 
stresses in the ether must affect the direction in which light waves are free 
to move. In applying the wave metaphor to light, we can picture a beam as 
a bundle of skipping ropes with undulations travelling along each (see 
Fig. 205) in different planes. If a grating is placed In the course of the bundle 
it will cut out all the undulations except those parallel with the grating. A 
second grating will not allow any undiflations to pass unless placed paralld 
with the first. So likewise a crystal of tourmaline or Iceland spar placed at 
any angle will let through some of the light when a beam strikes it, while the 
Aimmer beam which emerges will only pass through a second crystal if its 
corresponding face is parallel to that of the first. The beam which emerges 
fi:om the first is said to be polarized^ and differs from an ordinary beam, 
because it will only pass through a crystal of Iceland spar when the crystal 
is placed at a certain angle. Faraday passed a polarized beam of light betwran 
the poles of a very strong magnet and found that the plane of pola^tion 
was rotated. To transmit light the crystal^ had to be placed at a different 

angle while the beam traversed the magnetic field. 

The scientific study of magnetism had begim with Gilbert’s attempt s 
make a model showing how mariner’s observations on the dip and deviaaon 
of the compass needle ftom the true meridian vary in different pam the 
world. Gilbert’s model was the origin of what later physicists called a field 
offeree ” Gilbert himself used a small compass needle to map out the vanaffon 
of intensity and direction of magnetic attraction on the of 
' or spherical lodestone. We can get a mote direct picture of the field of feree, 
that is to say, the way in which the intensity and direction of magnetic 

' attradion vary, in the neighbourhood of a bar magnet by spnnl^gjon 

filings over a flat piece of card laid on top of one (Fig. 368). When fee ben^ 
is lightly tapped the filings take up, a characteristic arrangement m curv^ 
ta SS to the poto. If a wire which caries ^ 
tough a flat piece of card sprinkled wife iron filii^, the tor arrange 










Fig. 368 

the pktern in which iron filings arrange themselves on a flat, card in the neighbourhood 
of a magnet (a), or the magnetic field around a current (6, c) maps out the dhe^pn 
and intensity of magnetic attraction. This is one way of saying that each hne of nlmgs 
corresponds to the course in which an isolated pole would move. The tmrd figme 
also illustrates how a bar magnet is made by the orientation of the steel particles 
ynder the influence of the field produced by a solenoids 



The Waves that Rule Britannia 749 

themselves in concentric circles in the plane at right angles to the wire as 
centre. 

Faraday’s vivid pictorial imagination seized on this to elaborate tlie edier 
metaphor in a form which embodies all the rules of the raapedc effects of 
a current stated on pages 705 and 715. At one stage of his researches he seems 
to have visualized a magnetic field as a parcel of stretched springs or strands 
of elastic free to bulge sideways in the empty space betw’een them. Later 





Fig, 309.—THE Magnetic Field as an Eddy in the supposititious Etheb 


nmd up in L rule that the magnetic fiow appem ^ m Se 

ht angles to the flow of current whenthe latter is directed 
_ 1 '—u nf the comoass needle^ placed aoove or 


: these static springs made way for motions 
curved lines of force corresponding to the track of iron filmg ftom pok to 
pole came to stand for eddy: currents in a viscous medium. If we make 
direction of swirl (indicated by the arrows m Fig. 309) . 

direction in which a north pole would move, it also represents 
opposite to that in which a south pole would move. A® 
stand for a push exerted on a north pole, or a pull on a south pole. In terms 
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the usual convention for current direction (positive to negative) Faraday’s rule 
is illustrated in the figure. The rule is that the rotation of the magnetic eddy 
is clockwise when we look along a wire conveying current away from us. 

To get a clear grasp of th^ wave theory of induction it is necessary to visualke 
all the implications of this rule for die four positions of the compass needle 
and current shown in Fig. 316, Chapter XIII. Once you have visualized the 
direct current surrounded by these concentric eddies of magnetic push and 
puUj the behaviour of an alternating current offers two possibilities. 

One may be stated as follows. At one and the same instant of time the direc¬ 
tion of current along a wire of any length is the same at every point, as is also 
the direction of the magnetic eddies in the plane at right angles. In more 
matter of fact language this means that compass needles placed anywhere 
along the length atove tiie wire and at any distance from it will be deflected 
to a varying extent in the same direction and in the direction opposite to the 
deflection of all needles placed below it at one and the same instant. In the 
next instant all the conditions throughout the field will be reversed. If this 
were so, the periodic nature of the changes would be purely temporal. The 
character of the field would change instantaneously as a whole. The speed 
with which the inductive effect is propagated would be immeasurably great, 
literally infinit e, if such a thing is conceivable. Experiment shows that this is 
not true. 

There are several reasons for seeldng an alternative view. Magnetic and 
current phenomena have inertia. Then, too, induction has one of the charac¬ 
teristics of radiation. It is propagated through empty space, and all previously 
known forms of radiation through a vacuum exhibit periodic variations in 
space, described so vividly by the wave metaphor. We are therefore led to 
explore another possibility. At one and the same instant of time the direction 
of current in different parts of a very long wire may vary, as may also the 
direction of the magnetic eddies in the same plane at different distances from 
the wire. In matter of fact language this means that at the same distance 
directly above a very long wire the direction of deflection of compass needles 
at one and the same instant will be reversed at different points along a line 
parallel to the wire, or at different distances from the wire in the same plane 
perpendicular to it. If this is so, the direction of the magnetic field and the 
direction of the alternating current both vary periodically in space as well 
as in time. This means that electromagnetic induction is not instantaneous. 

A measurable interval occurs between the rise of a current flowing in one 
direction in a primary circuit and the rise of the induced current flowing in 
the opposite direction in a secondary circuit at some distance from it. Fig. 370 I- 
shows for simplicity the variation of the magnetic field in one plane at i^ht ' 
angles to the current. The next illustration (Fig. 371) shows both variation* 
in the neighbourhood ofthe spark gap. 

Maxwell’s mathematical attack on the problem was guided^by a vivid^ 
realization of these alternative possibilities, and of their implications as ^ey ^ 
affect electrical and magnetic measurements. Science in his time recognized 
three sorts of “ether waves,” or, as we now say, radiations. These wefc: 
rays of longer wave-length than those in the red end of the spectrum, 
visible light, and rays of shorter wave-length'than those in the violet end. The 
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longer were recognked by their heating dfecft alow, the ^shprter by tiicir 
action on silver salts (see p. ITlt). Miixwell grasj\*d tise p#isihility that there 
might be other types of radiation, qualitatively and quitmtautdv disunct 
from these, including among them a range of wafe-lcngihs recogai»J ry 
electrical action. Since musical notes arc all propacaicd with the same sitsd 
m air, analogy suggested that ail waves prep.igitv'i in the suppwitiout dher 
would travel with the same speed, i.e. that cf li;«!. rriclly tits theory he 
proposed was: (a) that an alternating current h a si'urce cf ether wavet ot 
immensely long wave length, (5) tliat elcttromagneiic isJuaioa a 3 form 



Fig 370.—Magnetic Fie® in the piane at siGirr ansi.s to an 

ALTEKNATING aJlKENT 

a.c. of 100 dtemtions pet second is given by tk 

1 sfi 000 miles ot 300,000 kilometres, pet second, lltat is ta say w « w »K»eaw 

or i 860 miles, and the half wave-length would be 0®, or nearly a thomand, 

Tn i;liDw that a disturbance is propagated m this way, n would therefore be Bect*i»y 
KStSerteSsmSg currents with tody high freqnenq. 

of resonance to wave motion propagated with the speed 

or 3 X lO'o cm., per sec., and (c) that a source of light is due to osolltMi 

currents in the incandescent paitides of a luminous Wy . - 

The mathematical technique which Maxwell applied mdev^p Farai^s 
theoL lies outside the scope of this book. M we cmi do is ^ 
the sort of help Maxwell gave, and, as a mathmatiaan, could give. Pby^ 
fike chemical formulae, can often sen^e to expose previot^y 
ilrccognized connexions between natural events. We hm 
aamplerfthis in Chapter V. Periodic motion imphcs a certain rdauom% 
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between acceleration and distance from a fixed point. There is a corresponding 


its end is displaced by a weight. Other circumstances, such as the behaviour 
of a billiard ball on a slope lead us to conclude that a pull can be measmed by 
the acceleration it imparts. So we can write the law of the stretched spring in a 



Fig. 371.“Variation in the Magnetic Field and Direction of Current around 
AN Oscillator 

When currents of immense frequency as obtained from a small spark gap are used 
as a source of induction, the wave-length corresponding to the simultaneous variation 
in the direction of secondary current and magnetic deflecuons m planes at right angles 
to one another is comparatively short. Owing to limitations of space it has been neces¬ 
sary to compress the figure in one plane. The distance jW is really the same m both 
planes. If Maxwell’s theory is correct a frequency of 100,000 corresponds to a wave¬ 
length of three Idlometres or 1-86 nnles. A frequency of 100,000,000 which can 
be obtained from a small spark gap, corresponds to_a wave-length of d metres or 
roughly 31 yards. Although we cannot make magnetic needles which move quicwy 
enough to show an instantaneous deflection in opposite directions when sep^atedhy 

a distance of 1-5 metres (half a wave-length) m the plane at right angles to a 100,000,000 

frequency oscillator, , we can devise experiments based on interference to show that 
such variations in the field exist. 

way which tells us that a weight hanging from its end will perform a to-and- 
fro movement when it is jerked. At first this does not seem to provide us with 
new information which we could not get by using our eyes. If you recall what 
was said on p. 294 you will see that it also exposes a new way of measuring 
the stretch per unit load. We can now do this by measuring the time of the 
vibration instead of the displacement, If this is easier to do, the mathematical 


1 
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examination of the problem is worth while. The mathematician cannot 
prove that the weight must bob up and down. All he can say is what will 
happen i/the pull of the earth on a weight is just the same whether it is tied 
to the end of a spring, allowed to roll down a slope, or balanced at rest by 
another one. The observed result is a test of this supposition, 

Maxwell examined the rules which govern electrical and magnetic attrac¬ 
tions from this point of view, and showed that if we can imagine the existence 
of an ether having the properties with wliich Fresnel and Faraday had 
equipped it, stresses will travel in it with a speed which is the ratio of two 
units of current. Current can be measured in three ways by using it: (a) to 
decompose a salt and weighing the products, (b) to charge a condenser and 
measuring the attractive force between the plates (see end'of Chapter XIII), 
(c) to deflect a suspended magnet and finding the mechanical torsion produce! 
The last two are respectively called the ehcimtaik and ekdromapetic um. 
Maxwell’s ratio is the number of electrostatic units of current required to 
produce the same magnetic deflection as a single electromagnetic unit of 
current in the same circumstances. The reasoning which led Maxwell to this 
conclusion and the reasons which prompted practical electricians to define 
..units of current in this way wiU be found in advanced text-books. Two 
German electricians, Weber and Kohlrausch, had found the ratio of the 
units before Maxwell’s time. Within the limits of experimental error it is 
3 X 10^®. In centimetres per second, the units employed in measuring 
pulling power, this is the velocity of light. Kelvin obtained the same result 
by further experiments immediately after Maxwell announced the first 
outline of his Aeory about the year 1866. 

A coincidence so striking could hardly fail to encourage research suggested 
by further applications of the wave metaphor. Among these the experiments 
of Hertz are specially important, and are usually said to have been 
undertaken to test Maxwell’s theory. It is certainly true that Hertz, like 
other laboratory workers, was greatly stimulated by its publication. It is 
equally true that the tests which he used might have been devised witliout 
recourse to Maxwell’s mathematical elaboration of Faraday’s views. The 
method which Hertz used to measure the speed with which electromagnetic 
induction is propagated starts from an andogy with sound production. If 
a pipe closed at one end is tapped, a phenomenon known as a statiamy 
wave can be demonstrated by sprinkling a fine powder on its floor. The dust 
accumulates in crests and troughs, as if the air in the pipe were dividd 
into regions of normal pressure separating regions where the pressure is 
alternately high and low. An analogous phenomenon can be reproduced 
by mailing an undulation pass along a rope attached to a rigid support at 
one end. As the undulation passes forward from the end held by the hand 
there will be or points with no displacement, at regular intervals along 
it, and these nodes will be stationary when the undulation is reflected back- 
wards towards the hand. When any “wave” is reflected back along Ac same 
path by a flat surface there is interference of this kind at regular intervals 
which correspond to half a wave-length (Fig. 372). ^ ^ 

■'j The wave-length of visible light is measured in hundred-milhonths of a 
■' centimetre and the longest is less than 10,000 of these units. So we cannot 
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detect whaiet optical iatetfeience of this kind eidsts. If induction is piopa- 

pted with the speed ofhgta between piimaty and secondary oicmtsmwhi* 

L frequency of double-alternation is, say, 1,000 per^ second, the convme 

difficulty arises. The wave-length of an electromgnenc wave from a IjMO- 

cyde .Iterostn, is 3 X 1(0" v W Cm., i.e. 300 kilometies, or 180 mdes. 

The same objection does not apply to = 

had not been studied much Wore Matcwells nme. T^he 

or “oscaiatoty" currents of a spark disttoge ctage their 

a frquency measured in tens or hunteds of milhons 

well’s wave eaists, an osdllatoty discharge altana^ ?“ 

Lnd would produce an ether wave with a '»«■>“?>> f 
3 X 10“ 10" = 3 X 10" cm., or 3 metres. If rejected along its own path 


spaiigap 




Fig 372 -Stationary Reflected Waves from an Oscillator 

s|?r!'«5SSSS3S 

waves in tubes closed at one end. 

such a wave would have regions of complete interference I ■ 5 metres (very 
approximately a prd and a half) apart. A secondary otont in these regions 

''Kte ttS'of a coJ are brought suffidenfly dose together 

they make an effective spark pp across which a spark will P® “ 

“c cutient is set up in lie drcuit. Hertz found that a smgie orcute loop 
of wire will act as a secondary drcuit when the ^k praduced l>y “ j 

iar,otthe8econdarycircuit0faninductioncoil,isapnn^sonrce of ^ J 

taw a.c. Thatis to say, tiny sparks can be de^d betweai the ends 

of loop, when die primary source is excited. Smce tie sp* ^ 

mmire the ends of the loop resonatOT must he very dose, and it must Itt 
' paialld uSli die spark gap of the 

L as mirrors for other “edierwaves,” and shield mducuye So 

tried out the possibility that they would reject the waves which sptad 
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outwards from the oscillatory discharge. In this way he was able to discover 
neutral regionsj where his resonator would not spark, spaced at definite 
intervals alternating with regions where the sparks are strongest. These 
and subsequent experiments by other workers made it possible to assiga 
values for the half “wave-length” of inductive disturbances propagated 
from an oscillatory discharge. The frequeng of tiie discharge as found by 
photography gives us the value of « in the wave formula (S = nW). If 
electromagnetic induction and light are analogous in the same sense as musical 
notes the product nW determined from the discharge observations should be 
the speed of light in air. This is found to be true. 


THE BEGINNINGS OF WIRELESS TELEGRAFHY 

Hertz also showed that an intensified inductive effect could be got at the 
focus of a large metallic mirror. His experiments stimulated interest m 
constructing more sensitive detectors of oscillatory currents tkn his metal 
loops with their tiny spark gaps. Hertz resonators were soon superseded by 
coherers of various patterns devised hy Branly, Lodge, and several other 
‘scientific workers. With the aid of better detectors renewed attempts to 
transmit signals over long distances were undertaken. 

The parent of wireless telegraphy is any arrangement for producing and 
detecting induction. This may be a primary line in drcuit with a battery, 
an iuterrupter and a key, separated by air from a parallel secondary’ line 
with leads suffidently near to make a spark. Long or short taps on the key 
producing prolonged or abrupt sparkdg can then spell a visible message 
in the Morse code. The Hertz osc^ator and resonator represents a simto 
arrangement in which the long spark of the former corresponds to the 
primary alternating current. Both devices are useless for transmitting signals 
over distances greater than a few feet. For an ordinary low-frequeng induc¬ 
tion circuit a telephone transmitter (see Fig. 33S) is a more sensitive detector 
than a Hertz resonator. Even so, an audible message in Morse code wuld 
not be transmitted over many yards. The detector is not sufficiently sensitive. 

The experiments of Hertz were completed in 1888. In 1894 Lodge u^d 
a Branly coherer to detect signals transmitted over 150 yards. In the Mowing 
year Rutherford succeeded in transmitting signals across half a mile of 
Cambridge streets. Popoff, of St. Petersburg, Jervis Smith, Captain Jacksoii, 
and others made similar trials elsewhere. In 1896 a young Italian, Margin, 
came to England to take out a patent, and persuaded the General Post (Mce 
to undertake experiments. During the following i^y he succeeded in sending 
messages between two stations separated by nine miles acrop the Bristol 
Channel. In 1899 an apparatus which cost less tiian £M transmitted m«^ 
across the Engfish Channel. In that year the world at large learned that 
benefits of the new gains in knowledge were not to be used m the pubUc 
interest by the General Post Office, which sponsored the final cxperimente, 
nor to be reaped by the army of scientific workers who had nursed ffie imtial 
discoveries which made wireless telegraphy possible. A company had been 

transmission of signals over great distances raises two elementary 
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issues, one of transmission, the other of detection. A beacon must be placed 
on a hilltop. So likewise a wireless transmitter must throw out its waves ot 
induction in aU directions. For doing this a spark gap is of no use by itsem 
It is used to induce oscillatory currents in a network of wires (the antenna j. 
This, as Marconi discovered fortuitously while doing his early expermen 
under the inspection of the G.P.O., must be lifted high above the groufdjje 
amngemmtl shown in Fig. 373, 

the receiver and ttansmitter, the former must be able to select a pam 



Fig. 373,—W 1 EE 1 .ESS ™ ™ 


one from ah messages sent out simultaneously from difierent stations, 
detector must resmte selectively. Discovering how to make J sensitive 
resonate was a first essential in die story of wireless tdegraphy. 
How to make a detector resonate selectively was the final and most important 
3 ?^ before MaKoni’s minor improvements were 

' remnancc or “ayntomc 

it is only possible to touch very lighdy on it m this chapter. In an 
field a wire like that of an aerial behaves like the flat thm me d %br 
of a gramophone. It responds to a large range of 7^ . 

metaphor suggests how this can be done, and experiinentsjuch as 
wmI Lodge^cUed out (Fig. 374) confirm the analogy. A perfectly sele^t^e 
msi—lid does hot exist. Selective resonators are nearly perfect 
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if they vibrate with one audible frequency, like a tuning-fork. A piano wire 
has one principal frequency due to vibration along its whole length. Su|«r- 
imposed on it, there are fainter audible components due to sufeidiary viba. 
tions of separate segments. The frequencies of these “harmonics” or overtones 
which give “timbre” or richness to the note are simple multiples of the 
principal frequency. A long piano wire has more merda and emiis a nots of 
lower frequency than a shorter one of the same material at the temioi, 
So we can change the principal note of a piano wire and therefore the rmp 



Fig. 374.—Diagrammatic Represektation op Lodge’s nunv apaiMBCB ok 

SYNTONIC OR SELECTIVE ELECTRICAL RESONANa 
On one side the "ttansmitter” a Leyden jar connected to an ckctrical laadiine, the 
outer coat being earthed. On the other side the receiver, a neightounng Leyden p 
with a high inductance in parallel. If this is suitably adjusted sparking occurs acrew 
the gap when the transmitter is in action. 


of overtones to which it will resonate by altering its length. If the amtoii 
holds good the problem of selective resonance is how-to give the 
circuit of the receiving station more or less electried inertia, 7 ^ 

In electrical dreuits two phenomena are anatogous to the iMtoa of 
material bodies. One is self-induction (or inductance (p. 726)). Since a ®n- 
denser acts as a store of electrical charge, its presence in parafid with ffi 
alternating circuit has the same effect as Increase of sclf-inductton due, icj 
mstance, to coiling the wire in some part. It slows down the at wmea 
the current grows. Either an inductance in series (see F^. 3/4} or a con- 
denser in parallel with the aeiial drciiit of the reedva can be t^ to 
its inertia, i.e. the time taken by a current to getSo either a rnme 
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condenser or a variable inductance can be used to make it selectively resomt 
to a particular range. In practice receiving circuits usually have both. The 
variable condenser is used for fine and the variable inductance for coarse 
adjustment. 


RADIO UNITS , 

In designing a fighting circuit, or a circuit for electro-plating mth d.c., 
the only necessary units of measurement are the volt, the ohm, and the 
ampere. In using high-frequency intermittent or alternating ^ents, 
especially currents of such high frequency as the oscillations Ae sp^k 

discharge, we have to take into account other properties of the circui esi ^ 

its resistance, which is measured in ohms when a steady current flows tkough 
it in one direction. The frequency and maximum voltage m an ^tog 
circuit is also aifected by the presence of a condenser m parafiel with the 
end! of the circuit (or any port of it), and by self-induction whch k ^er- 
ated by tiie presence of parallel coils of wire. If we compare the resistance of 
two pieces of wire by means of a Wheatstone bridge, we get the same results 
whether we use a d.c. with a galvanometer as current detector or a very low 
frequency a.c. (e.g. 100 per second) witii headphones as the detector. If the 
current is of high frequency it is not generally possible to get a well-defined 
“null point,” and tiie best results we can get do not agree closely wim the 
values got wilh d.c. The reason for tliis is simply that the two methods are 
only comparable if the growth and declme of current in all parts of Ae 
circuit harmonize. This will not happen if the electncal mertia of the two 

wires is different. j • • j 

Since a wireless set contains condensers and cholung coils, designmg and 
manufacturing wireless apparatus involves prescribing die of a mcuit. 
That is to say, measuring how much capacity or self-tnductm the condense 
or choking coils respectively possess. The units of measurement are called 
the microfarad and the henry. Although the reason why these pardrak 
units have been chosen is too technical to discuss here, it is not so diflficult 
to understand how capacity and self-induction are measured if we agree to 
say that a condenser of certain materials and dimensions has a capacity of 
so many aV (microfarads), or a choking coil of specified metal and dmen- 
sions has self-induction equivalent to so many henrys. For small TOcks 
sets variable condensers with a range of O'OOOl to 0-001/iF are sold. For 
present purposes it is sufficient to state that two metal plates of the size ot 
a postage stmp separated by a film of mica 0-12 mm. thick have a capacity 

ofabout 0-0002 fiF. , . , i t? 

Having settled on the dimensions of a condenser with a capaaty ot l ftr, 
or of a coil with inductance of 1 henry, a principle used in assigning the 
appropriate figure for any condenser or choke by comparison with me 
standard simply depends on the fact that a Wheatetone bridge not give;; 
a clear null point with a high-frequency a.c. unless Ae mertia of the cumt 
is the same throughout. Suppose, for instance (Fig. 375), the two W 
contain two identical resistances with negligible self-mduction, so that toe 
bridge is equally well “balanced” when a low-frequency a.c. or d.c. is appuea . 
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to it. The insertion of a condenser in parallel with one of the resistances 
will at once upset the balance when a high-frequency a.c. (10,000 per sec.) 
is used. To restore it, we should have to put a condenser of the same capacity 
in parallel with the other resistance. A rough method of comparing two 
capacities is therefore as follows. A large variable condenser is put in parallel 
with one resistance, and one, two, three, etc., standard condensers of the 
same capacity put in parallel with the other. The dial of the variable con¬ 
denser can be marked for the positions at which a clear null point is obtained 
for one, two, or more of the standard capacities. The variable condenser can 



Fig. 376.—Wheatstone Bridge me-ihod for measuring capacity of a CoNDE.siSER 

Initially toe bridge is balanced, with two equivalent non-inductive resistances (R). 
A condenser of unknown capacity is put in parallel with one resistance and one or 
more standard condensers is put in parallel with the other till a good null point is 
restored. 

then be used in one arm of the bridge, and adjusted to give perfect balance 
when a condenser of unknown capacity is put in the other arm. 

Similarly, toe bridge can be used to compare an unknown inductance 
with a standard. The principle may be roughly illustrated in this way. 
Suppose the two arms of a bridge carry a choking coil and a resist^ce of 
negligible sdf-inductioii so adjusted that it is equivalent to toe resistance 
of toe choking coil itself when a d.c. or very low frequency current is used. 
With a high-frequency current toe balance of toe bridge will be put out 
because toe inertia of toe two parts of toe circuit will be different. 1 0 restore 
the balance we have to increase toe inertia of toe resistmee which has no 
appreciable self-induction, and this can be done by putting a condensa m 
pWel with it. So- toe self-induction of a choking coil can be estimated by 
comparison with toe inertia of a condenser of known capacity. 
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THE LUMINOUS DISCHARGE 

It will be easier to bridge the gap between wireless telegraphy as it existed 
in 1900 and wireless telephony twenty years later, if we first refer to another 
class of radiation (i.e. changes which can be propagated across empty space). 

So far we have encountered four types: {a) electromagnetic or radio waves, 

(b) infra-red radiations, (c) visible light, (d) photochemical (ultra-violet or 
actinic) radiations. All of these are propagated with the same speed-about 
3 X 10^® cm., or 186,000 miles, per second. They all show the charactenstics 
severally called reflection, refraction, and interference. Because of the last 
we can assign to each a range of measurements called wave-lengths. Those of 
electromagnetic waves set up by oscillatory currents lie roughly betwan a 
millimetre and a mile. Those of the other three are less than a hundredth ot 
a millimetre. Between the first and second there is an unexplored region. We 
know as yet no way of making such waves or of detecting diem. It is concav- 
able that some animals have natural sense organs like eyes winch enable 
them to do so. It is likely tliat we shall one day make artificial sense organs 

like coherers for recognizing tliem when we meet them. 

Beyond the actinic rays of the solar spectrum there are other known 
radiations of the same type separated by an unexplored region in bemeen. 
Recognizable radiations of high “frequency,” between about 2 X 10 and 
lO's per sec., are called X-rays. Beyond the X-rays is the region dgamma rays 
produced by radioactive substances, such as radium, uranium, and the 
thorium of gas mantles. The order of frequency of these X-rays and ganma 
rays which are detected by somewhat similar properties is about 10^. 
X-rays and gamma rays share one characteristic pf tiie ultra-wolet rays of the 
solar spectrum. They can darken a photographic plate. Unlike actmic rays, 
they can readily penetrate to a great depth through relatively opaque orgamc 
substances like animal tissues. For practical purposes that is the most mterest- 

ing thing about them. ^ . i. u 1 , 

The detection of these “penetrating” radiations was made through the 
discovery of the radio-active elements in thorium, uraniim, and radim and 
through research into the conduction of electricity by highly rarefied ^ses. 
We can divide most substances into fairly weU-defined groups distinguished 
by their power to convey a current. One called conductors includes (a) metals, 
(b) watery solutions of metallic compounds, of acids and of certain substances 
related to or derived from ammonia. The other, called insulators, mdudes 
most solid non-metallic substances, most organic compounds, ^ cold gases 
at ordinary pressures, and pure water. A few solid non-metalHc substances, 
notably the element carbon, stand midway between as poor conductors. 
In special circumstances gases which do not otherwise convey a currcmt 
acquire the power to conduct electricity. This was first discovered by the 
French Abbe Nollet, who was one of the first to study the characteristics of 
the Leyden jar (see p. 646). About the year 1740 NoEet showed that the 
succession of sparks obtained from an electrical machine gives place to a 
continuous luminous discharge if the air round the spark gap is suffiaentiy 
rarefied. This observation attracted little attention at the toe, to a _c®tuiy 
elapsd before Faraday made a more thorough study of electrical discharge 
through gases, 
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Neon lamps are now familiar objects. Most of us have looked at them and 
have noticed that there is no metal or carbon filament connecting the metallic 
terminals. The latter end freely in the cavity of the tube, wliich is filled with 
a luminous streamer when the current is turned on. Lamps of this kind 
(now used extensively in sky signs) depend upon the fact that rarefied gases 
wUl conduct electricity. They do not conduct electricity according to Ohm’s 
Law, which tells us that the resistance of a metal conductor at a fixed tempera¬ 
ture is a fixed characteristic, unaffected by the voltage between the ends of 
it. They only acquire the power to do so when the voltage between the ends 
of a column of gas exceeds a certain limit. Where diis limit lies depends on 
the pressure of the gas. With an arrangement such as the one shown in 
Fig. 376 it is possible to study the effect of reduced gas pressure on (a) the 
potential required to produce a continuous band of light, {b) the conductivity 
of the gas itself, and (c) the manifest appearance of the luminous discharge. 

If we start with a fixed E.M.F. sufficiently high to maintain a spark at 
atmospheric pressure, and reduce the pressure in the tube, we reach a stage 
at which two things happen. The crackling of the spark gives place to a 
silent broad stream of light between the electrodes. An ammeter reading 
then shows that the current in the tube is greatly increased. So tlie gas has 
become a relatively good conductor of electricity. At very low pressures 
dark spaces alternate with glowing patches in the track of the luminous 
discharge, and the glass wall near the negative electrode (kathode) becomes 
phosphorescent. At still lower pressures there is no stream of fight between 
the electrodes. The entire waU of a straight discharge tube now glows with 
an eerie phosphorescent fight, and a photographic plate in the neighbour¬ 
hood of the tube is blurred, even if it is well wrapped up in black paper. 
At this stage the gas left in the tube retains its power to conduct a current 
freely. If the pressure is reduced to tlie lowest attainable limits tiie phosphor¬ 
escence ceases, and the space no longer conducts, This fact is important 
because it shows that the flow of the current depends on the particles of the 


rarefied gas. 

The variable resistance of the circuit shown in Fig, 376 may be used 
to find tiie critical E.M.F. at which tiie gas is able to conduct readily. The 
voltmeter reading then shows that the reduction of pressure till the gas 
reaches a highly rarefied condition is accompanied by reduction of the CTitical 
E.M.F. Above this limit a rarefied gas becomes more like tiie solution of 
a mineral salt, acid, or alkali, and a possible explanation of its behaviour is 
that the application of a high E.M.F. breaks up its molecules into constituents 
with opposite charges like the ions of an electrolyte. Since the characteristic 
effect of a discharge on a sealed photographic plate only happens at very 
low pressures, when its walls begin to show phosphorescence, the radiations 
responsible for the photographic effect must then be due to some secondary' 
action of the electrically-charged particles, as for instance their impact on 


the walls of the tube, ,, j. i 

This was the conclusion reached by Rontgen, who acadentaUy discovered 
the chemically active radiations in the neighbourhood of a high vacutm 
discharge tube in 1895. Earlier work had shown that metal_ screens m the 
non-luminous track of a high-pressure tube (Fig. 377) havmg the posm 
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electrode inserted sideways cast a shadow. That is to say, there is no phosphor¬ 
escence of the glass opposite to the screen on the side remote from the 
kathode. The appearance suggests that negatively-charged particles are 
propelled forward in a straight line by repulsion from the negative electrode. 
If this stream of negative particles exists it must have all the characteristics 
of a unidirectional current. Hence it must be deflected by a magnet. Although 
the kathode stream is invisible, its existence can be tested by using discharge 



.. somm ot 
^ D.C, at. - 
Ugh voltage 


Fig. 37(5 


for studvinR how the reduction of gas pressure dfects the Sj^mking 
nnren-fifll and how the conductivity of a gas changes dxiring the passage of a continuous 
m the circuit B gives current strength in a circuit 
includinK the ionized gas. When the gas is ionized the current m the circuit increases 

Kmdes ThS can be varied by a sliding wire. The usual source of high voltage 
StafOTtenf™! of M iiductioa coil with . ctmtoci .0 the pt«i, ohcuit 
to ensure diat tire main flow of current is m one direction, 


tubes of suitable shape. The phosphorescence can be mainly concentrated 
in a small area on the glass face directly opposite the flat kathode. Earlier 
observations had shown that dark spaces which interrupt foe luminous 
stream of a discharge tube at moderately low pressures can be concen^ted 
by a magnet held near it. Rdntgen repeated foese observations, and found 
that foe area of phosphorescence on foe glass end facmg the kathode can be 
made to move by moving a magnet near it. 
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Further experiments whicli led to foe modern X-ray tube were guided 
by this hypothesis. Assuming that the chemically-active penetrating radia¬ 
tions are produced by the impact of negative particles derived from the gas 
itself and projected forwards by tlie repulsion from the kathode, Rontgen 
devised a tube to test whether different radiations are produced by foe 
impact of negative particles on different substances. The obvious applications 
of this discovery in surgical diagnosis (Fig. 378)--on account of foe ease with 
which foe chemically sensitive rays penetrate organic substances—excited 
interest all over foe world, and stimulated research which led to foe discovery 
of other characteristics which they possess. One is that they ionize gases. 
The presence of X-rays in the air around an electroscope has the same 



Fig. 377.—Dischaege Tube por showing characteristics of the Kathode Stream 

When a metal shield as shovm is placed between tlie kathode and the anode, phos¬ 
phorescence of the glass walls on the far side of former is confined to a bright patch 
exa^y opposite the fct kathode. This shows that the kathode stream follows a straight 
path, The bright patch of phosphorescence can be made to move by means of a magnet 
held near the dscharge tube. Tliis shows that the kathode stream can be bent out of 
its course by a magnet. 

effect as sea spray. Charges leak away quickly. Just as foe impact df negative 
particles will excite a surface to emit X-rays—as we foall now call foem-™ 
X-rays will loosen negative particles from foe molecules of a gas. This 
discovery, made by Rutherford, at that time engaged in radio research, was 
followed'by attempts to find out more about foe negative particles or 
fitorww repelled by foe kathode. 

The size of foe electron has been measured by experiments which are partly 
based on the same principle as calculating foe bent path of a cannon ball hori¬ 
zontally fired from a gun with known explosive force. This can be done, as you 
may infer from p. 267 , and hence we can deduce the weight of the cannon ball it 
we know tlie force of the explosion, the acceleration due to gravity, and the 
extent to wliich it is deflected from its horizontal course by the pull towards 
the earth’s centre. If foe kathode stream is Uke machine-gun fire, the way it 
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is bent by a magnet or electrified metal plate may be used to calculate ±e 
ratio I m?ss to the force of electrical “charge” on an mdmdual particle. 
This turns out to be the same whatever rarefied gas is present m the ^scharge 
S^rwh^ver are used as electrodes. S^ce tl. ma. of ^e ^ 
tmri molecules of different gases and different metals is different, this resm 
is only intelligible if we assume that the electron is a particle common to he 
make-up of different atoms. 


+ 



Fig. 378 .—X-ray Apparatus 


comaining tlie unexposed negative. 

WIRELESS TELEPHONY 

TheMatconi system of signalling depenW on ®“8 “ 

switch to turn the current of the detector arcuit on and off. Thejecorder 
h the detectoi ciicoit registers long or short taps of the key ^ 

the oscillatory current at the “‘*‘8 f 

short fdotl taps in a particular order stands for one or other of th „ 

te of Lkrse alphabet, or for secret code words. The dots and to 
mav be recorded audibly by the durltion of the buzz in a telephone receiver, 
rreS a MoLLtrmnent (Fig. 373) with a pen wntin^^ a 
S^ape. Tk inertia of the coherer is too great to keep step with a 
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rapid succession of oscillatory currents following one another with the 
frequency of a musical note. Direct speech transmission involves the use 
of a device called a rectifier. 

Tk frequency of an oscillatory current is immense compared with the 
frequency of a musical note. Middle C is produced by vibrations of 256 
per second. Radio waves of 300 metres wave-length are produced by a current 
which alternates with a frequency of 1,000,000 per second. A tapper which 
released them at equal intervals 256 times a second with equal intervals of 
rest between would send out a succession of oscillatory discharges, each 



Fig. 379.— Wireless Receiver with Crystal Rectifier 
The inertia of the circuit is correttly tuned by a variable condenser in parallel 

corresponding to roughly 2,000 current alternations. On the face of it there 
is therefore no insuperable obstacle to the conversion of wireless waves 
into sounds. In an ordinary telephone receiver the diaphragm vibrates wth 
a frequency corresponding to that of the note which the ear recognize. 
The vibrations of the diaphragih correspond to variations in the magnetic 
field produced by corresponding variations of the current which always 
flows in one direction. In telephony wdthout wires the problem is how to 
record a note of, say, 266 vibrations transmitted in 256 equally spaced pwrels 
of, say, 2,000 equally spaced reversals of current in the aerial rccdving 
circuit. This resolves itself into converting each parcel of oscillations into a 
smgle pulse of current in one 

Workshop experience of loose contacts supplied the first due to show how 
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this could be done. A loose contact between a steel point and a 

atbotundm sets « a m-my route f« cmeut. 

nhflqp-? in a verv hish frequency a.c. to form more or less coherent singi 

pulses. In this way the osciations produced ^y 

Leased with the fequeuey correspmdiitg to an 

dned in the receiving set by ““"XZ & S 

phone. This in essence is the principle of the crystal detector (F g. 


; osdlhJxnj 
- circuit - 



Fig, 380.-THE Fleming Valve 

When the positive end of the A Sfa SvanoS?in LriS^Si 

toer when B is positive. Hence die plate acts as a rectifier. 

which was an entirely empirical discovery* Rectification, ^ 

succession of enrtent alternations in a single pulse m one toecut^ 
SS b kter devices which have now superseded dte 

L tadc^dng «. The late r^ d^«d on the appheanon 

r!£;sassS5'S'ii’.''ss—. 

* m crysld detector .to am .s . eoteer, betas semltlve to nmll odltoory 
currents, 
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in gases, electrified bodies have an excess or defidenqr of eiectrom ai ik 
surface. Heatmg a negatively electrified body like the plate of an efcct». 
phorus removes its charge. So we may presume (see p. 783) that eleetmm 
end to fly off when heat is appHed to the surface of a metal. Elects 
therefore fly off the fflament of a lamp in action. If the rneud pliie of tk 
F eimg valve is positive, electrons will be attracted by its oppi^tc charge. 
Electrons will be repelled if the plate is negative. This means that if two 
ends ot an A.C. circmt are connected respectively to the metal pkc and to 
rfe negative terminal of the lamp circuit, current will only pis between 
filament and plate, and in the A.C. circuit when the plate is positive Altemste 
phases are therefore cut out. A unidirectional iatermitteM current wiU fkm 
and if the successive phases of the latter succeed one another with raai 
rapidity they are more or less completely fused into one pulse. Thus a valve 
acts as a one-way route,^converting a succession of high-frequenev osdilitori' 
currents into a succession of single pulse currents in one direction, whoj 
the oscillatory current is in series with the metal plate and the nmaike 
terminal of the lamp filament. 

The underlying principle of television is analogous to telephony. 'Fhe 
' essential principle involved in reproducing sound at a distance is ihit 
variations of sound in the transmitting instrument (microphone) produce 
corresponding variations in the resistance of the circuit. In the recover 
corresponding fluctuations of current produce corresponding fluctuations 
in the field of an electromagnet. These set up corresponding audible vibra¬ 
tions of a steel diaphragm. The variations of resistance in the transmitter 
are due to variations of mechanical percussion on a loose contact. Thus the 
microphone diaphragm is a sort of switch which is turned on and off by 
sound waves. It is easy to produce light by a current. The problem of repm- 
ducing it is to make a switch which can be turned on and off by another 
source of illumination. This can be done, because the resistance of some 
substances, notably se/enmm, is affected by Hght, Selenium is a good insulator 
in the dark. In the Hght it is a poor conductor. So a film of selenium in scrib 
with a current acts as a switch or coherer for visible light. If the cfecuit 
contains a lamp, light may therefore be used as a stimulus to produce 
elsewhere. Neon lamps become incandescent rather suddenly at the cri&ad 
E.M.F. when ionization of the gas starts. A comparatively small diaife eff 
resistance in the circuit of a Neon lamp is there&ie ft 

Hght off or to turn it on, if the current is suitably adjusted. 

• It is easy to envisage how a visual pattern could be r^ioduarf » 
arrangement involving this principle if you recall the elaborate flguits acfiie- 
rimes exhibited as sky signs on high buildings. Imagine a screen studded 
with selenium resistances, each connected to a lamp occupying precisely 
the same relative position in a second screen, and so adjusted that when 
Hght falls on a particular resistance the corresponding lamp in the roxtwi^ 
screen will become incandescent. To each stud in the transmitting screen on 
which a pattern of light or shade is focussed, there will be a amespondir^ 
point of brightness or darkness on the receiviog saeen. So the jaHctn^oa 
the latter wiU reproduce the image on the former. This is dim: the maiamw 
of transmission actually eimployed in television. The device whidi Etirl 
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patented depends on the same principle as 

L the effect of a liglit stimulus persists on the retina for an appreciab^ 
p^iod of of a second. Jf a succession of ^ 

Lht all fall on the retina within tins period they give rise to a 

ugni ^ ^ be transmitted faUs on a flat 



Fig. 381.-THE Triode Valve or Amplipier 


spealrer. 

screen * the resistance of which goes down when a hole lets though light 

riS^amemomentaNeonlampattherecd^^ 

connection with the selenium ceH goes on. If a second wheel rotates at ex^rtly 
the same speed as the first in front of the Neon lamp in jeceivmg set^ 
beam of fight wiU issue from a bole in the same position whenever a to 
of light penetrates the corresponding hole m the transmitting wheel. Thus 

■screen.. 
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a spatial pattern of points of light is translated into a single successm of 
electric impulses, and this in its turn is translated back again into a spatial 
pattern. 


OVERSTRAINING THE ETHER 

In the propagation of light and of electromagnetic effects through empty 
space we encounter various types of periodic phenomena, such as interference 
bands (Fig. 206) or electrid resonance. These can be observed directly. 
The spacing of interference bands and stationary nodes in the track of a 
light beam or train of electromagnetic induction involves any odd multiple 
of a measurable distance. This measurable distance is the actual difference 
between the paths traversed by two disturbances from the same source. 
In accordance with the corresponding phenomenon of acoustical inter¬ 
ference, this distance is called a hdf wavedength. So far as phenomena 
of interference are concerned light and electromagnetic induction are propa* 
gated like sound waves of compression and rarefaction. For other charac¬ 
teristics of radiation through empty space the analogy no longer holds. 
The power of polarized light or of an electromagnetic disturbance to traverse 
a crystal of fluorspar or a grating of metal wires when, and only wfifn, the 
crystal or wire grid is placed in a particular position recalls the kind of wave 
motion executed by a skipping rope or circular ripples spreading from a 
stone dropped into a pool. Tfie characteristic of such wave motion is a periodic 
transverse displacement, i.e. a displacement at right angles to the track of 
the wave. 

The analogy between radiations and “transverse vibrations” of this type 
is not wholly satisfactory . Familiar examples of the latter are shape phenomena 
characteristic of the boundary of a medium in contradistinction to propagation 
of a' disturbance with wave-like characteristics throt^h the interior of a 
medium. A more satisfactory mechanical model is easy to visualize, though 
it is not easy to construct. We can picture concentric eddies in a viscous 
fluid swirling at any given instant of time in opposite directions and separated 
at equal distances by zones where the medium is at rest. We can also imagijK 
how the motion of the current at any point in the fluid may slow down to 
zero, gain motion in the opposite direction, reach a maximum, slow down 
to zero, and so on in sucewsive intervals of time. In this model, illustratd 
in its simplest form in Figs. 370 and 371, there is a periodic tramverse # 
placement at right angles to the radius of the concentric cylindrical eddies, 
For visualiahg the phenomena of interference along the track of a radiation 
it reproduces all the relevant analogies between radiation and sound waves 
of compression and rarefaction. For visualizing the phenomenon of polar¬ 
ization it embodies what is relevant in the analogy between radiation and 
boundary waves., _ _ . 

Like every other analogy which we can easily visualize this one bre^ 
down at a certain point It helps us to picture Ae fact that a wire grating 
placed in the train ot an oscillatory discharge or a crystal acting as a grid 
for polarized light can obstruct radiation, unless placed in a particular 
position On the other hand, it requires a grid with immeasurably long shts. 
2b 
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A model which meets all known characteristics of radiation ceases to have 
any resemblance to mechanisms which we ever meet in real life. This is not 
because science reveals less orderliness'in nature as it grows. It is because 
science reveals new and unsuspected levels of orderliness. As new stories 
are added to the edifice of known regularities in the real world, some of the 
old scaffolding of metaphors which helped to prop it up fall away. Man’s 
first experience of measurable interaction between material things was 
derived from levers, pulleys, and siphons, which transmit power through the 
substantial contact of cords, cogs, belts, and pipes. When science was first 
concerned with changes which are induced without the intervention of 
ponderable matter, analogies suggested by more iamiliar measurements met 
with in more primitive mechanisms pointed the road to unsuspected truths. 
Once we have adjusted ourselves to the oddities of radiation the all-pervadmg 
elastic ether is seen for what it is, a useful device for mapping space, like 
the lines which Gilbert drew on his terdla. What remains are the periodic 
characteristics of measurements on the transmission of power through 
empty space. 
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PART IV 

The Conquest oj Hunger and Disease 


“But it was especially after the rum spread by the Geihs., wbm all the 
sciences which before had flourished gloriously and were practised as was 
fitting, went to ruin, that more fashionable doctors, first in Italy, in imitatloa 
of the old Romans, despising the work of the hand, began to delegate to slaves 
the manual attentions they judged needful for their patients., and themselves 
merely to stand over them like architects. Then, when all the rest also who 
practised the true art of healing gradually declined the unpleasant duties of 
their profession, without however abating any of their claim to money or 
to honour, they quickly fell away from the standard of the doctors of old. 
Methods of cooking, and all the preparation of food for the sid, they left to 
nurses; compounding of drugs they left to the apothearies; manual operation 
to barbers.” (From Professor B. Farrington’s preface to English translation 
of Vesalius’ De Fahrica humani corpoHs) 










CHAPTER XVI 


WHEN LIFE IS CHEAP 


From what we have learned in the opening chapters of this book it will now 
be clear that the distinction sometimes drawn between ancient science and 
modern science is a distinction of content rather than of method, If we wish 
to draw a hard and fast line between craftsmanship and sdencej we can only 
draw it at the point when experience has brought forth principles sufficiently 
comprehensive in scope to demand a permanent written record In that sense 
astronomyj the statics of solids and liquids, and geometrical optics arc 
sciences of great antiquity. Chemistry, heat, and electricity are essentially 
modem, 

The scientific study of living organisms on the ote hand is both 
ancient and modem. The written record of medicine goes back almost as far 
as astronomy. Indeed, the sayings of Hippocrates are household words, In 
contradistinction to all other learned professions, including even astronomy, 
the practice of medicine in the Western world records an almost unbroken 
apostolic succession from the Greek period, Thenceforward there was Httle 
conspicuous progress till the beginning of the seventeenth century of the 
present em. From the publication of Harvey’s treatise on the dreuktion of 
the blood knowledge of Eving matter has advanced steadily and continuously, 

One reason for this Is not far to seek, The continuous existence of medicine 
as a social institution implies the maintenance of an organized profession 
with opportunities for capitalizing whatever crumbs feu &om the tabic of 
other branches of science. How true this is will be suffidendy evident when 
we recaU the ride enjoyed by the Moorish doctors and their Jewish successors 
in Spain, whe« the doctor was described as “physidan and algebraist.” 
So in seddflg for the social background of man’s conquest of disease, hunger 
and behaviour, we encounter at the outset two main issues. One is the 
agendes which have conspired it various times to maintain the continuity 
of medicine as a secular learned profession, to advance its prestige and to 
difluse its induence. The other is the way in which progress in meehanical 
sdences has placed at the disposal of |he medical profession new instruments 
and, widj thm, new problems and means of solvffig thra^ 

The influenm of medidne on the mechanical sdences and of the latter 
on biolo^ studica which medidne has encouraged has emerged repeatedly 
in prei^ parts of Scimffiir tk CiHm. M^cal solicitude sponsored 
the spcctade trade, which m turn revived optical sdence, Revived interest 
in optics nursed the microscope, which revdutionized sdentffic knowledge 
of reproduction and epidemic diwe, Physicians assisted at the birth, of two 
new physical sciences, when the study of gases was the province of "pneu- 
matic chemistry,” and the measurement of beat was confined to therraomeoy. 
In turn cfficiffistty has made new methods of analysis available for 
the study of oatririon, and moim engineering has provided a costing system 
for bodily woris. CtOTt dectridty began with medical researches, on newes, 
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and practical telegraphy has provided the apparatus for modern discoveries 

concerned with newoiis conduction. _ 

The familiar formula of crime fiction (see p. ->78) suggests three aspects ( 
scientific progress. The existence of an organised proiession of medicme 
has provided opportunitm for the study of living processes. 1 he microscope, 
the chemical balance, electrical recording instruments, the thermometer and 
the calorimeter have provided new means for solving the problems they 
suggest. The existence of new technical problems to Inrnish a iresh wito 
for the pursuit of biological knowledge is perhaps less obvious. A new motive 
for exploiting the new means which contemporary progress m related sciences 
placed at the disposal of tlie physician or the apothecary docs, m fact, emerge 
at the threshold of the modern period. 

Resarcte such as those of Gordon (Mde tax taufhi u .. h 
biological inventions antedate civilization as the term 
Neolithic was a grain-growing economy, and the ‘ 
chief associates in a self-sufficient s,stem-lhc horse, the shceii, Jc - 
ass. the camel, the ox, the fowl, the ke, the yeast organism- s in .ilmost ci cry 
instance now known to be as old as city life. Man lamed the m >)f wd 
scattetiiiB, of milking the cow, of bridling the ox, ot hamsimg the gram-- 
pmbably of grafting the vine and fatiiraiig the date- Wore there was any 
mrpiis of recorded scientific knowledge in the wmid, tode torn a fw 
piestrian descriptive accoimts by wtilets ot the Roman Iimpite, the 
record of man’s struggle for Ibod liad no place in the litcretic tir impenal 
cultures of the Mediterranean world. For one reasen or another this negleti 
ended at the very time when the struggle for new materials was assuming 

* Cut off from the humble toil of the cultivator, medidne regiati^ no 

conspicuous progress for two millennia during which scientific husbandry 
remamed at a standstill, Roman agriculture, which was ojwnilcd on a more 
imposing conimcreial scale than agriculture m notihem F.nrope during ihc 
sixteenth century, failed to inspire any written record erapt pedesttm 

eeorgics of literati who were not professionally connected with the pursuit 
of science. It made no enduring contributiim w biotechnology. During 
this period the command of medical skill was the prOTgative o those 
who did not know the pinch of hunger. Mankind had not as yet kanted, 
that the health of the few cannot be assured in a comnuimty which allows 
disease to lurk among the many. Medicine itself made little progress white 
the medical profasion was exclusively concerned with the wdl-tO’-^o. 
When conspicuous progress did begin, the most notable victories imn- 
cenied diseases whose chafiicieristics compelled attention by the vtty « 
that they interfered with the working life of the community. Hence the^sooal 
background of man’s struggle with disease and hunger must be sought m the 
agencies which extended the benefits of medical cam to the Mmmuwty as a 
whole and brought the study of medicine ind the practice of horticultufe and 

husbandry into one and the same social cottteit, * ^ 

The period of Harvey, from which the OTtinuous progwii « modern 
medicine daw, was the throshold of i revolution in agricidtuftl icchaque. 
It also witnessed the rise of oomracrdal hotticulturo which begms with 
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the Dutch tulip craze in the sixteenth century. The advance of modem 
medicine owes a large debt to modern productive biotechnology. In its 
beginnings, the latter beneiited by the existence of a profession interested 
in encouraging its growth. Harvey’s work marks the end of an epoch during 
which biological studies were exclusively preoccupied with the pursuit of 
health. Thereafter the conquest of disease is inextricably interwoven with the 
conquest of hunger. 

We have learned from the story of man’s conquest of materials that the 
international economy was showing symptoms of strain, as it approached 
the pinnacle of its development. The long ages of imperialistic wars, of 
commercial exploration, of conquest and of colonization were approaching 
their end. The inventory of nature’s ready-made products was wellnigh 
complete. During all this period sciemiiic culture had been urban, and its 
most characteristically urban phase of development, the brilliant efflorescence 
in Alexandria between .‘KiO is.c. and a.d. 300, was relatively barren from the 
standpoint of biology. Alexandrian science, so brilliimt in otlier fields, was 
comparatively sterile from the standpoint of biology, and its sterility, like 
its arrested development in the science of power and materials, is at least 
partly susceptible of a simple explanation. 

So long as slave labour was abundant, the social incentive which led to the 
systematic study of nou-humau sotirces of power and to tlie discovery of 
the gaseous state was lacking. Cheap labour and a cheap vafflation of human 
life have never been propitious to rapid development of scientific know- 
ledge. This is more true of biological enquiries than of any other branch of 
scientific knowledge. In two ways the institution of slavery obstructed 
biological progress in antiquity, As medical science could not advance while 
medical services were the exclusive prerogative of the wealthy, scientific 
husbandry did not advance till a semi-literate class of free cultivators and 
village Hampdens became socially influential In the social background of 
sevcntcenth-oaitury biology we see the exiemwn of medical services in a 
social milieu propitious to hotcclinkal innovation, ^ 

Though social influences unrelated to public hygiene, notably mvigation, 
stimulated and encouraged the demand for naturalistic knowledge m the 
dark ages of the Faith, the spread of the Moorish cnilmre which had garnered 
the fruits of Alexandrian science and Hindu mathematics would scarcely 
have been possible, if there had not co-existed educational machinery pro¬ 
pitious to naturalistic enquiry. Dr. .Singer’s researches have taught us kt 
the medical schools of the medieval umvcnsities were formed by Jewish 
missionaries of Moorish science. These schools were of pivotal importance 
to science, They gave naturalistic enquiry a foothold widim the precincts 
of the ecdesiasticai culture which was destined to be overthrown by it. 

When we recall how little outstanding practical progress was achieved 
over a period of many centuries during which the medical profession occupied 
a positL of outstanding cultural importance, the continuity of »etae m 
a learned profession with its own literature is a somewhat remarkab e fact 
of man’s social existence. It is hard to say why the physician earned a con- 
Mcncc which could outweigh die very severe mconvenience of being a 
pagan or beredc. Andent prescriptions were, with one notable exception, 




778 Science for the Ciiiztn 


When Life is Cheap 779 


sheer quackery. Of all die remedies in the classical or Mwuish pharmaco¬ 
poeias perhaps the single conspicuous achievement was the use of purgatives 
and aperients. For biology it was a felicitous circumstance that the disorder 
redressed by tiiis class of remedy is of singularly common occurrence. 
Maybe it was pre-eminendy in his capacity as surgeon that the practitioner 
gained the respect of his fellow.s. The majority of townsfolk, being little 
accustomed to the sight of wounds and fractures, readily succumb to hysteria 
or inactivity when brought face to face with them. So they gratefully welcome 
the offices of anyone whose regular experience fits him to approach them 
with calmness and deliberadon, even when beneficial results of liis ininis- 
itradons are not self-evident, 

Whatever circumstances contribute to the almost superstitious reverence 
wMch the profession of healing has managed to attach to itself, ami to retain, 
its existence is hardly a matter of dispiuc. Special clrcumsumces contributed 
to enliancc it during the three centuries which preceded the publication 
of Harvey’s works on the drculalion of the blood and the generation of animals, 
We may refer to two of them respectively as Christianity and mctiopolitaiiisni. 


CATHOUC DOCTRINE AND THE CARE OR TUB .SICK 
We may trace the social origins of European medicine, as we understund 
the terra today, to the hospitals and gardens of the monasiic orders and to 
the medical schools of the ecdesiastiail universities. The existeucc of the 
former and the, at that time, singular tolerance which encouraged Jewish 
Arabic scholarship in the latter are testimony to a new resfx'ct for Iminan life. 

We arc no'^v sufficiently far removed from the superstitions of Mr. Glad¬ 
stone’s time to take a more detached view of the social signilicanca of Qiris- 
danity than free-thinkers of fifty years ago could be exjxctcd U) entertain. 
With no temptadon to swallow the piedsdc apologia of Mr. Hilaire Moc 
in tlieir entirety, we need not shut our eyes to the fact that tkitlioHc Chris¬ 
tianity did, on the whole, discourage chattel slavery and indispuably in¬ 
doctrinated Europe with the special beatitude of those who tend tlie .sick 
and infirm. Chrlsdan metaphysics, being Platonic in origin, was aristocratic 
in temper and wholly inimical to the progress of natural enquiry as such, 
CMsdan eihi® never completely relinquished its Hsseuc ingredients which 
revived in the Spartadst ideology of Wydifie’s poor preachers. As an ediic 
Chrlsdanity did much to encourage sdence, 

Catholicism contained what ilegelw oil an mterittl contradiction, 
Suecouriog tlie poor and needy and healing the sick were among the ostemible 
objects of the two great monastic orders of Benediciincs anti Frandscans. 
How members of the latter sponsored the only first-rate medical amenity 
the middle ages, and the repercussions of the spectacle industry on the phy¬ 
sical sdence of the period have bmi pointed out ciilkr (see p, IdS). In the 
thirteenth century eagerness to ora die beatitude tforenKarioaed waa 
suffidently strong to override the plain duty of cumpdling the mfidel to 
come into the fold and to rescue heretical brands from the burning by prac¬ 
tical homceopathy. The Jewish and Moorish physidans (Mtraanded special 
privileges, The early medical schools of Moatpdfia lad Sakfno, which 


were founded by them, became a focus of the natiirnlistic movement which 
bore fruit in the outburst of scientific discovery during tlie Copemican 
epoch. 

The momistery physic garden was the beginning of a closer union between 
the practice of medicine and the study of nature. On the same scale, herbal 
medicine was not cultivated in the urban centres of culture under Roman 
imperialism. The monastic orders also created a new social institution which 
was to make systematic and continuous medical study possible for the first 
time in lustory. Our oldest hospitals were founded by the monks. In this 
connexion the following citation from Simon’s authoritative work, Eni>lish 
Sanitary Institutions,'^ emphasizes the significance, of new social values as 
an aspect'of the social background of biological progress: 

In the parts of the Roman Empire which were soonest affected by the pro¬ 
mulgation of Christianity a greatly increased tlroughtftilness for the poor, with 
a great development of charitable service towards them, was a conspicuous 
first-fruit of the creed: so that, in all early Christian communities, the giving of 
alms to the poor, of personal tendance to the sick, of shelter to the homeless, 
imd generally of brotiierly and sisterly help to persons in necessitous circum¬ 
stances of mind, body, or estate, became, as it were, ti chamctcrisiic ritual of 
the new faith. It was a ritual which the surrounding Roman world may have 
found the more impressive from the fact that itt those early days it required 
no appiiratus of Flamens and Pontiffs, nor even involved any burning of in¬ 
cense; and the Emperor Julian was led to confess something like envy on behalf 
of his co-religionists, as its saw how they were exceeded in charitable action by 
votaries of the fiiith which he despised, In various great centres of population, 
Christian philanthropy soon showed itself in the establi.shment of standing 
asylums and houses of hospitality of different sorts for persons, old and young, 
who might need them: hospices (in the narrow sense of the term) as places 
of refuge for strangers and outcasts, almshouses for the helpless poor, homes for 
orphims ttnd foundlings, and reformatories for women who had gone wrong; 
and not least among such cstablishmenta, hospitals for the sick and wounded, 
hitherto not prccedcnted in the world, except to some extent in Buddhist 
India, and in extremely small degree in pre-Christian Greece and Rome, began 
to up[H;ar as Christian institutions. Thus about the year <17h, there was founded 
at Caesarea, by its tlien bishop, Basil, an immense iastitution of miscellaneous 
charity, including ti hospital for the sick; and some thirty years later, at Con¬ 
stantinople, a hospital was one of many beneficences which tie poor of the city 
owed to the brief and stormy archiepiscopate of Chiysostom. In minor com¬ 
munities, endeavours of the same sort, though of course on a smaller scale, 
seem to have licen general himnime hmpadis they indeed were, those early 
Christlanitie.s of action; and they assimilated practice to profession with a 
sincerity which made them worthy to live. Against their continuance, however, 
or at last their continuance in the full spirit of their founders, there were 
obstacles in the nature of the case, and also in the circumstances of the times. 
The philanttopic ardour which Basil and Ciirysostora had awakened was 
perhaiis too impulsive to be equally persistent. Often the founders of special 
charities would have passed away, and successors like-minded with them would 
not have risen. Still more, as war spread from region to region, and city after 
city was whMpooled in social strife, the urban organiatiora of charity perished 
of mere inanition, like the clffldrcn of slain parents, or were shattered and 
, * John Murray, London, 
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7^4 Science Jor the Citizen 

in this behalf, that we shall have no reason for severely taking you to task in 
respect hereof; and this, as we do trust in you, and as you would avoid our 
heavy indignation and the punishment which as regards ourselves you may 



Fig. 38:!.--Pui)I,ic HYGirNi? in India niirow! tub Auyans 


A brick-built drain, dating from 3000 ii.o,, at Molicnio-Diirti, where an claboratft 
civilisation, with iSumcrinn affinities, has been tiiscloswl. 'i'his drain ran along a 
street and the drains iiom the many well-built houses on the loft were cottnected into 
it, Sir John Marshall notes that every street, alley-way and passage had its own covered 
conduits of fccly chiselled brick laid with great precision. The whole draiMgc systcni 
was extremely well developcd.--Sir John Marshall, Director-t icneral of Archaeology 
In India. 

(From SixtylCmmm of Hmhh and Physick by S, G, B. Stubbs and E. W, Bligh) 

incur, you are in no wise to omit,” Witliin the first six years of Richard 11, the 
same policy appears in two cases: filth (137i!) was not during raintime to be cast 
into the kennels so as to float away with the water; and (W83) rules are made 
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to pre.serve the water-course of the Walbrook. Meanwhile, however, latrines, 
especially public latrines, arc again and again named as causing nuisance. In 
1114(1 (20th Edward III) is a royal ordinance in which accusations are alleged 
ag.iinst citizens and otlicrs fimitten with the blemish of leprosy, that they 
publicly dwell among, and publicly and privately communicate with the other 
citizens and sound persons, and in some cases actually endeavour by sexual 
and other intimate intercourse “to contaminate others with that abominable 
blemish, so that to their own wretched solace tliey may have the more fellows 
in suffering”: and tlicrefore proclamation is to be made that all the persons 
having such blemish must “within fifteen days betake themselves to places in 
tlie country, solitary, and notably distant from the said city and suburbs and 
take up their dwelling there; seeking their victuals tlu'ough such sound persons 
as may think proper to attend thereto, wheresoever they may deem it expedient.” 
And persons shall not permit lepers to dwell in tlieir houses and buildings in 
the city or suburbs on pain of forfeiting their houses and buildings, and of otlier 
more grievous punishment, And diligent search, with skilled assistants, is forth¬ 
with to be made for lepers, in order to their immediate expulsion. On a par¬ 
ticular occasion (1373) a leper, who though oftentimes commanded to go, has 
still been remaining in the city, is made to swear that he will forthwith go and 
not return, on pain of pillory. In linfi, the porters of the eight city gates, are 
severally sworn that they will not allow any leper to enter the city or to stay 
in it or its suburbs, but if any seek to enter, will prohibit him, and if he perse¬ 
veres, will distrain him liy his horse (should he have any) and by his outer 
garment, the which shall not be given him back without leave of the Mayor, 
and, If he further endeavour, will attach him bodily and keep him in custody. 
'I’hc porters are to have the pillory if they fail of this ordinance; and the respec¬ 
tive foremen of the Hackney and Southwark leperhouses are sworn to aid in 
giving df'ect to it. 

THK PIAGIJB YBARS 

The policy developed as a safeguard against the spread of leprosy grew 
into a more or less stable system of preventive measures in connexion with 
the devastating epidemics which took a heavy toll from the town popu¬ 
lations. I’his consolidated the prestige of medicine in the period of religious 
Relbrmation, when the iniluciice of the monastic orders was destroyed, 
Simon tells us: 

On several occasions during the years to which tlie Reniembranda relate 
tlwrc was prevalence of Plague in London; and whenever this was or tlireatencd 
to be the case, the City autlioritie.s corresponded about it witlr the Lords of 
the Council, and were directed by them what to do in the circumsumces. 
One severe invasion iiy plague was tliat of the years ISSO-ii. In 1580, the disease 
18 raging in Lisbon; and the Lord Mayor, on his application to Lord Treasurer 
Burghley, is authorized by him to take measures in concurrence with the 
officers of the port to prevent in regard of arrivals from Lisbon the lodging of 
merchants or mariners in the City or suburbs, or the discliarge of goods from 
ships until they have had some time for airing, and in the jneantime to provide 
proper necessaries on board ships detained.... In 1584 ‘for the stay of 
infection in the City .,. it t»d been thought good to restrain the burials 
in St. PiuTs Churchyard wliieh had been so many, and by reason of former 
burials so sh^ow, ffiat scarcely any graves could be made without corpses 
fadng laid open. Some parishes Iiad turned their churchyards into smaU tene* 
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ments, and had buried in St. Paul’s Churchyard. It had been determined to 
restrain from burial there all parishes having churchyards of their own. . . . 
The City desired the Council to issue directions to the authorities of the 
Cathedral accordingly : the order not being intended to prevent any person of 
honour or worship being buried thercj but only the pestering of the Churchyard 
with whole parishes.” Then the Oxford Corporation writes to the Lord Mayor, 
with reference to the approaching Frideswide Fair, to which it was customary 
for Londoners to repair with their wares and merchandize, and from which now 
the Lord Mayor is begged to restrain all citizens in whose houses and families 
there was infection, or who had not obtained his certificate. With reference to 
assizes about to be held at Hertford, the Queen through the Lords of the 
Council expressly commanded the same sort of care to be taken by the Lord 
Mayor. In 1683, the infection having much increased, the Council pressed 
upon the City Her Majesty’s commands "that tliey should see that all infected 
houses were shut up, and provision made to feed and maintain the sick persons 
therein, and for preventing their going abroad; that all infected houses were 
marked, the streets thorouglily cleansed, and a sufficient number of discreet 
persons appointed to sec the same done. They desired to express Her Majesty s 
surprise that no house or hospital had been built without the City, in some 
remote place, to which the infected people might be removed, although other 
cities of less antiquity, fame, wealth, and reputation, had provided themselves 
with such places, whereby tire lives of tlie i^bitants had been in all times of 
infection chiefly preserved.” The City authorities, soon after this communi^- 
tion, informed Sir Francis Walsingham that they have published orders which 
they intend to execute with diligence; but that, in respect of certain incon¬ 
veniences—-assemblies of people at plays, bear-baiting, fencers, and, profane 
spectacles at the Theatre and Curtain and other like places, to which great 
multitudes of the worst sort of people resorted, restraints in the City were 
useless, unless like orders were carried out in the places adjoining; and tlie Lord 
Mayor therefore moves the Council to take steps in regard of that difficulty. 
In connexion with a smaller outbreak wliich occuired in 1606-7, we find the 
Lord Mayor informing the Lords of the Council that the following traditional 
order had been passed: "that every infected house should be warded and kept 
with two sufficient watchmen, suffering no persons to go more out of the said 
house, nor no searcher to go abroad without a red rod in their hand.” And a 
marshall and two assistants had been appointed to keep the beggars out of 
the city. ... It appears that, during the epidemic of 1626, the Lords of the 
Council issued orders in restraint of the traffic of carriers and higglers with 
London; and the Lord Mayor presses on the consideration of their Lordships 
that if, in consequence of these orders, the City should be restrained of victuals, 
it was to be feared it would not be in the power of himself, or the few magis¬ 
trates who remained, to restrain the violence hunger might enforce. In 1629-31, 
Plague was again in ascendency, In October 1629 precautions were to be taken 
against arrivals from Holland and France; but at least six months before this, 
the disease was already spreading in London, and the Lords of the Council 
advising about it. They had issued a book of instructions. At first they had 
shut up the sick m thdr houses, but, 0 further deliberation, had thought 
it better the houses should be avoided and shut up, and the inmates sent to the 
pest-houses. Referring to the poor Irish and other vagabond persons, pestering 
all parts of the City, they advised steps to be taken to free the City and liberties 
from such persons: also to see the streets kept sweet and clean, and the ditches 
in the suburbs within the liberties thoroughly cleansed, and they command 
the Commissioners of Sewers and the Scavengers respectively to perform 


their duty. Also, being informed that inmates and ale-houses were in excessive 
number, they required that the law be enforced against these excesses. They 
require that infected houses should have guards set at the door, and a red 
cross or “Lord have mercy upon us” set on the door, tiiat passers-by might 
have notice. They direct ffie City Authorities and the Justices of Middlesex 
and Surrey to prohibit and suppress all meetings and stage-plays, hear-bairings, 
tumbling, rope-dandng, etc., in houses, and meetings for prize-fencing, cock- 
fighting and bull-baiting and those in close bowling-alleys, and all other meet¬ 
ings whatsoever for pastime, and all assemblies of the inhabitants of several 
counties at the common halls of London pretended for continuance of acquaint¬ 
ance, and all extraordinary assemblies of people at taverns or elsewhere. And 
His Majesty was pleased that the College of Physicians should meet and confer 
upon some fit course for preventing the infection. At the same time, there 
being much inaease of sickness at Greenwich "all fitting means” are to be 
used “to stop and cut off all intercourse and passage of people between that 
town and the Qty”; and question arises of restricting elsewhere, as from 
London to Exeter, and from Cambridge to London, the passage of things and 
persons. ... In a statement dated Dccembna:, on proceedings which had 
been taken in the City under an order made some weeks previously by the 
Council, the Lord Mayor reports, among other things, these: “that ancient 
women, reported to be both honest and skilful, had been appointed for visited 
houses, who appeared by certificate to have careMy dischmged their duties, 
that infected houses had been shut up, the usual marks set upon tliem, and 
strict watches appointed so that none went abroad; that persons who had 
died of the infection were buried late at night; that people who would have 
followed them had been sent away by threatening and otherwise, and that very 
few or none went with the bodies but those appointed for the purpose. Some 
persons had been punished for removing the inscription set on infected houses, 
and others had been bound over to the sessions to be proceeded against accord¬ 
ing to justice.” , , . In 1836, when there was again much plape, the Lords of 
the Council ordered "the levying of rates in Middlesex and Surrey for the 
erection of pest-houses and other places of abode for infected persons; also 
directing the Justices of the Peace for Middlesex to join with the Lord Mayor 
and Aldermen in making additional orders, to be printed, for preventing the 
increase of the infection, and authorizing them to make such further orders 
thereon as they should see fit; also directing the Churchwardens, Overseers 
and Constables of every parish to provide themselves with books for their 
directions, and requiring lie Physicians of the Gty to renew the former book 
touching medicines against infection, and to add to and alter the same, and 
to cause it to be forthwith printed.” . * . The Attorney General is to tow 
up a proclamation for the King to sip for puttii^ Bartholomew Mr on 
account of the plape, Last come a few entries relating to the terrible visitation 
of 1663-5, and specMy instractive as regards the steps wliich were now to be 
taken in to way of developing Quarantine. In October 1663, "to King had 
taken notice that to plape had broken out in some neighbouring countries, 
Pd desired to be informed what course had been taken pd meps used in like 
cases heretofore to.prevpt to cmivcying pd spread of the infection in the 
City”; pd the Lord Mayor, informed to this effect by a letter from to Lords 
of to Council, replies that "he had found mpy directions and meps used to 
obviate to spreading of to infection at home, but no reraembrpcft of what 
course had bep takp to prevpt Its importation from foreip parts. The 
piag nft at 1,625 vnu brought from Holland. The Court of Aldermen advised 
that, after to custom of other coptties, vessels coming from infected parts 
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should not be permitted to come nearer than Gravesend, or such hkc disumce 
where repositories, after the manner of laxaretios, should he appomted, into 
which the ships might discharge their cargoes to be aired for forty days. 

As Amsterdam and Hamburg were known to be already under visitation by 
the pestilence, the matter no doubt seemed pressing; and so, next day, tm 
letter received its answer: “the King ackitowledged and apiuovcd the Lord 
Mayor’s proposal, but recommended that the lazarettos should not be nearer 
dm Tilbuty Hope, and that all ships, English or foreign coming from infec ed 
ports, should be liable to be stopped and unloaded if necessary.. . . un tue 
arrival of any infected vessel a list should be made of all persons on board, and, 
if any should die, the body should be searched before casting it oveiboaru. 
At the end of forty days, if the surgeons reported the vessel ircc Irom contagion 
-{all the apparel, goods, household stufi; bedding, etc., liavmg been aired i 
the meantime on shorc)-it should be allowed to make free commera*.. .. 
Orders, more or less to the effect of the above recommendations, \verc now 
issued by the Council, and a first English Quarantine was thus cstablishtd. I 
was not enforced during the winter, as the pestilence was for duit seasi n 
lulled; but about Midsummer it was again brought mto rcquismon. im 
June 27,10(14 (and this is the last communication whicli appwrs m the Rcmein- 
bimia on the present subject) the Urds of the Cknmci miortn the Lord 
Mayor that '‘the plague had broken out in the States ot die United 1 
aiKl tliey direct “steps to be taken to prevent the mteamn from being brought 
into this country, cither by passengers or merdumdr/e, and all ships to be 
placed in quarantine, according to former orders, until the Earmers «t we 
Lstoms gave tlieic certificate.” lliosc endavours to exclude by Quaramme 
the contagion of the Plague were as ineffectual as if their intention iwd to 
to bar out the east wind or the new moon; and, m the samt^ records of the 
Metropolis, the year KHiri has its special mark as cmphaticaily the year of 
the Great Plague. Before the middle of the year, tlic disease wis known to be 
spreading in 1/mdon; where, m the «»»n advimccd, it bcamc morc ima 
rnore prevalent, till, in August and September, when tlic epidemic was at m 
height the deatijs by it, witliin the Itoiidon Bis of Mortiity, averaged m each 
week not fewer tlian six or seven thousand, and may pcrliaps o«« or twice 
have been as many as ten thousand within the week. Wiat miy Iwve been the 
total fatality of the kmdon Epidemic cannot be exactly known; but the «u- 
mate which Macaulay adopts is, tkt it iwcpt away, in six montlrt, more than 
a hundred thousirad human beings. 'Phe subsidence of that tcmble tpidcime 
continued during the winter and spring of till the weekly deaths were 
fewer than fifty; but, as Jiummer ailvonccd, the inlcctioti ag.un began to sprau; 
and the London world was fearing what worse renewal of the pestilence might 
yet come, when suddenly the most drastic of sanitary reformers appeared on 
the scene, and what toil remained of tlic Great Plague yielded at once to ^ 
Great Disinfector. . , . The opportunity which (he circumstances alforded 
for the construction of a fitter city was to some considerable extent totiicd to 
account; but, in view of wtot improvement must cost, improvement was 
extensively stinted; and especially the public grudged the large exsienditw 
which alone could have brought uncrowdedness of building. Wren, after nis 
survey of die ruins had designed a scheme of recouHtruction which would hive 
made the new city a fitting nucleus for the mctroiKdis of later times: would 
have made it of tormonious pka, with wide c^vcaient thomughfei, wth 
proper 6tanding“room for its chief buildings, with spacious public quay* ifoug 
tlic river, and even with fca®nibk mtmpaccs of mere pkaiure-ground; but 
the largeness of his proposal was beyond fos ctmtemporaries, 
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ORIGINS OR VITAL STATISTICS 

Coincident with the public menace of epidemics, which reached a climax 
in the Great Plague, two significant occurrences which have not been men¬ 
tioned also merit comment. One is the publication of the Bilk of Mortality 
which represent the first recognition that the census of population should be 
concerned witli health as well as with taxation and the mobilization of military 
resources. The other was the beginnings of Life Insurance. These bore fruit 
in the noteworthy pamphlets of Graunt and Petty and in the construction 
of die first life table for tlie calculation of annuities in one of the earliest 
numbers of the Philosophical Transactions of the Royal Society (1693). Halley’s 
Life Table is of dual interest. It signalizes the beginnings of practical 
encouragement for medical science in conformity with the interests of 
the financier. It also illustrates tlie intimate relation of scientific enquiry to 
contemporary social problems during tlie period when English science was 
at the highest level it attained before it received a new impetus from the rise 
of chemical manufacture. 


PREVENTIVE MEDICINE AND THE NEW HUMANITY 

The control of epidemic diseases gives us the first picture of a Govern¬ 
ment in conference with an organization of scientific experts, and incidentally 
also of the circumstances which led to the organization of expert knowledge 
as a social institution. In the Middle Ages the trained physician and surgeon 
was still a perquisite of the rich. The common people of England enjoyed the 
blessings of unrestricted private enterprise, until the Royal College of Sur¬ 
geons received its Charter from Henry VIII. Thenceforth the barber’s 
operations were confined to the scalp. 

Indeed, we may regard the foundation of the Royal Colleges of Physicians 
and of Surgeons as the first step towards the formation of those academies 
and institutions which, like the English Royal Society chartered in the 
reign of Charles II, have made the pursuit of science in some measure a 
social institution with an internal momentmn of its own. Tliis internal 
momentum of the scientific movement can easily be exaggerated, because, 
hke other social institutions, it has an organic relation to its fellows. The 
English Royal Society, and not less the French Academy, founded about 
the same time were both formed by men who believed that “the goods of 
mankind might be much increased by the naturalist’s insight into trades”; 
and they both suffered a temporary eclipse when their activities became 
less closely related to live contemporary issues. 

The process of conference between the executive and a permanent panel 
of experts, once begun, has continued ever since. Small-pox and^ cholera 
in turn became a public menace sufficient to compel legislation designed to 
ensure a national minimum of health. The latter led to the appointment of 
a antral Board of Health, and thereafter local government became in¬ 
creasingly preoccupied with the maintenance of a national rainimum. The 
Act which initiated this Board in England followed half a century after the 
lEfoard of Agriculture was set up (1793) as a war-time precaution for ensuring 
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food supplies. Togetter they represent the first two unijort^t steps towds 
a rationally planned organization of the fruits of scientific knowledge. I he 
existence siU® awakening public recognition of our common soual 
responsibility to make available to all the benefits bestowed by sacntific 

'^^he vtorous public measures which were adopted to deal with 
and AsMc cholera in the first half of the nineteenth cenmry coincided wr A 
important advances in knowledge of the origins and »nt of epidenuc 
disLes. An incident which occurred in the latter J 
century forced on the administration the need for public health ™rM 
in a different context. What Florence Nightingale achieved m the “ 
the nineteenth cenmry is not more spemcular, if more ^ 

the work of physicians and surgeons like Pringle and James Lind, who began 
the task of hygienic reform in the lighting services. Linds essay on the 

Hfiuf/^n/te«isalandraarkinnierlidncforaw^^ 

Till tlie eighteenth century there had been little classification of disease, 
as natural phenomena with characteristic individual features. Nothing precise 
was known about the circurastances which are responsible for the occiirr«iu 
of the few diseases like ague, or as we now call it malaria, tlicn recognizeu 
as distinct clinical entities. This is not surprising when wc mkt the 
complexity of the problem in the light of modem knowledge. Liability to 
disease involves both the constitution of the individual and the environment 
to which the individual is exposed, (kncnilly speaking it is not easy to deciae 
which is more important without elaborate methods of research. However, 
there are two classes of diseases which betray their distinctive features to 
immediate inspection. These are: (a) which arc charadcnstic 

of a locality (e.g. malaria and syphilis, when it was apparently brought from 
the New World and first described by Frascatorius in the sixteenth antiuy/l 
(b) occupaiiond diseases which arc characteristic of a particular mode of Ute, 
The ailments of the miner (see Chapter VIII) set the problem which 
led to the first real understanding of respiration. From cveryilay experi¬ 
ence of the world’s work biology received a second impetus in comto- 
ing the ravages of disease among sailors, when protracted voyages were first 
undertaken in latitudes where supplies of fresh vegetables in winter were 
difficult to obtain. Vasco da Gama lost 1(H) out of KIO men when he rounded 
the Gape in 1408, This death toll was a common occurrence of the Great 
Navigations. It was mainly due to the disease ailed setm^) whose chamc* 
teristic symptoms are swelling and bleeding under the skin and elsewhere 
wiffi growing weakness and pain. In IffiKl, liawkins cured a ship’s company of 
scurvy by making them all drink lemon juice. 

At the time when Lind’s essay was written, scurvy, says Simon, sfill used 
“to cripple fleet after fleet.” The importance of Lind’s essay do« not Me so 
much in the originality of its contents us in the fact that it brought togethp 
the practical experience of enlightened navigators, and proved mfluenrial m 
persuading others to benefit from the bitter lessons which pracrial expen- 
cnee had taught. Notable among those who responded was Captain Cook. 
In 1776, when the Royal Society awarded the Copley Medal to Cook k 
honour of his paper on “The Meriiod taken for preserving the Health of the 


Crew of His Majesty’s Ship, the Resolution,” the president referred in 
memorable words to the success of Cook’s efforts in response to the lead which 
James Lind had given. They may be commended to those who tliink that 
anything is gained by exalting pure science to the detriment of its appUca- 
tions. The reward was 

to crown that paper of the year wliidi should contain the most useful and 
most successful experimental inquiry. Now, what inquiry cmi be so useful as 
that which hath for its object the saving of the lives of men and when shall we 
find one more successful than that before us? Here are no vain boastings of 
the empiric, nor ingenious and delusive tlicories of the dogmatist, but a con¬ 
cise, an aitlcss, and an incontested relation of the means by wliich under the 
Divine Favour Giptain Cook with a company of 118 men performed a voyage 
of three years and eighteen days, throughout tdl the climates from 52“ North 
to 71" vSuutli, with the loss of only one nan by a disease. 

'f hereafter the Admiralty ordered a supply of lemons in all ships of the 
British Navy, and scurvy disappeared. As Simon remarks, “since the days of 
rVnsoa’s apedition” it “has become an almost forgotten disease.” The work 
of Pringle and Lind in drawing attention to what may be all,ed the occu¬ 
pational diseases of the array and navy also helped to establish the identity 
of a group of infectious conditions previously described scpiuately as ship 
fever, hospital fever, and gaol fover, They arc now ailed fyp/iws, a condition 
wMch 13 practically extinct in twcuticth-century Britain, though it was 
rampant in Tsarist Russia. 

The social background of this important advance again emphasizes the 
debt of biological science to high valuation of human life, In Europe and in 
America the balf-ccnuiry which preceded and tliat which followed the 
French Revolution witnessed a rapid and ardculate growth of hiimanitarian 
sentiment culminatrag in the abolition of skive owning throughout the 
British possessions, a succession of reforms in the management of prisons 
and the wholesale aWition of apital pimishment for trivial acts against 
property. In Britain hanging was stiU meted out for over a hundred offences, 
mdudiiig shoplifting and the felling of trees. These reforms took place m 
die opening years of the nineteenth century. The exposure of English gaol 
conditions by Howard in the latter half of the eighteenth century revealed a 
festering focus of physiol, no less than moral, disease in the body politic, 
He devoted years to the visitation of English prisons, recording with meticu¬ 
lous scientific are the state of affairs which he observed. 

Simon says that when the author of the Winter's Joum^ received the 
thanks of the House of Commons for these years of laborious study, public 
rwognitioa of liis services was no less an instmiia kmpadis of preventive 
medicine than was the Copley award to Cook. Perhaps no lact bears more 
st^g testimouy to the influence of what Simon calls the “new humanity” 
than the name of the writer who first made a dear distinction between 
pmeniive and maim medidne. History is daily justifying the optimisra of 
Condorcet, as it is daily discrediting the theories of his critic Malthus. 
Having recognized the ibt of medicine to the monastic ordera, we should 
not overlook the fact that the new humanity was essentially part of the 
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written record of medical lore. If we ask in what sense medieval medicine 
was guided by a corpus of knowledge sufficiently comprehensive to merit 
the name of science we must turn to the practice of surgery. Setting fractures 
and staunching bleeding from wounds call for some detailed knowledge of 
the skeleton and the blood system. Along vrith this, general descriptions of 



Fig. 384.— Wood-cuts by DUrer (1471-1528) Illustrating the New Interest in 
THE Technique of Accurate Representation wkch went Hand in Hand with 
THE Revival OP Anatomy 

(Albrecht Dtlrer, Vntemiym 'M Messungi 1526 and 1638) 

the disposition of the various organs of the body had been undertaken from 
the time of Hippocrates onwards. The most notable of the descriptive 
anatomists of the Roman world was Galen, who lived in the second century 
of the Christian era. What Ptolemy did for Alexandrian astronomy, Galen 
accomplished for Alexandrian medicine, Like the Almagest, Galea’s Anatomy 
became a textbook of Moorish science, From the Moorish centres of 

learning it was introduced into the medieval medical schools, 






















Two ciraimstances conspired to awaken interest in anatomy and ^to 
stimiilare more careful study. Without adeciiiate illustrations the best treatise 
on anatomy is unintelligible. When the printing trade was able to issue books 
with competent illustrative mateiifd, it was inevitable that the accuracy oi 
the texts would conic under closer scrutiny. Simuhaneously a new natiiralistie 
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motive in the world of art had taken root in Italy. Some of the great masiem 
of the Italian Renaissance, like Leonardo da Vinci, were not less distingmshc 
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discovery of the answer coincided with other advances, and discloses 
the impact of growing scientific interest in a purely physical problem 
(Chapter VII, p. 368 ). The recognition that the heart is a pump came when 
people began to regard the pump as a device of scientific interest. 



In the anatomy of Vesalius, as in that of his predecessors, the blood was 
supposed to ebb and flow forwards and backwards in the veins and arteries.* 

■1 * Galen had taught tliat the blood of the veto was made from the products of 

digestion in tiie Hver. The liver was also entrusted with the task of Aarguji it with 
natural spirit. Ebbing and flowing in the veins, it eventually reached the right side of | 
i the heart. Here, impurities were supposed to be carried off by the pulmonary mtery | 
to the lungs, and it then ebbed back again into the veins* But a small portion of it was | 
held to pMrthrough minute chaimefs in the Inter-ventricular septum mto the left 
ventricle; where it ted with air brought from the lungs by the pytaonarv vem. | 
produced by this mhdng of air and blood, was then distributed through | 
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and the finest ttibutaries of the venous system, expressed Ae suspicion that 

they mi^ be one continaons channel, no dtet eoidence &r this conclusion 

could be obtained by dissection alone. _ ^ _ 

That the heartwotb as a pump, mamtaining a continuous flow ta 

thicbwalled arteries through the capillaries mto fc veins ^ “ 

aMin was suggested by a discovery which bears witness to the new temper 
of precise and patient observation following the decline of ^ 

Se authority of the written word. Fabricius, a co-teacher with Galileo a 
Padua, when Harvey studied there, desmbed the watch ® 

veins (Fig. 244). These valves are constructed so as to prevent blood from 
flowingalay ftom the heart. Similarly the valves which guard Ae o^ 
of Se great Leries where they emerge from the heart prevent the blood from 

”ehSa warm-blooded vertebrate (mammal or bird) consists of four • 
chambers two thin-walled auricles receiving the mam vems, and below 
them W. 389) two ihick-walled ventricles which give off the ™ 

The aUdes are separated from the ventricles by valves which only let blood 
flow into the latter. The two sides of the heart are completely sepjat^ 

The only communications are between the right amide and right venttic 
bl of which contain dark blood of a purple hue-and tk kft 

amide and left ventridfr-both of which contain bright scarlet blood. Valves 
(Fig 38^) prevent the blood from flowing badtwards from the ventrides 
Lto the mikles. The right ventricle only sends out the pulmonary arteries, 
which supply the lungs. The right auricle receives blood from the two arge 
caval veins (venae cavae) into which smaUer veins pour ^ 

oSs of the body except the gut and the lungs. The left aurm e receives 
blLd from the lungs by the pulmonary vems, and the left venttide gives off 
die great artery caUed the aorta, from which smaller arteries, like the carotid 
arteries of the neck, talte blood to aU parts of the body except 
By various dasses of experiments mdudmg the exposure of the heart by 
cuSng away the ribs and also the severance of vessels, Harvey obtained direct 
proof that the blood flows in a continuous circuit.* 
kart shows that the auricles contract, squeezmg out blood into the dilated 
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ventrides, before the latter begin to contract squeezing out blood into the 
arteries. When an artery is cut, bleeding only occurs on the side connected 
with the heart. When a vein is cut, bleeding only occurs on tlie side away 
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Fig, 380.—Diagram of Main Paths in the Human Blood System 


The smaller arteries connected with the smaller veins by the fine network of capillaries 
penetrating all the tissues are collectively represented by six spongy masses. Blood 
comes back from the head and arms, the trunk and legs and from the liver by two 
main veins which discharge into the thin-walled right amide. When this contracts, 
the blood is forced into the right ventricle, till the latter, being filled, is closed by the 
right auriculo-ventricular valve. The contractioh of the right ventricle forces the blood 
into die pulmonary artery from which it cannot flow back, because of the valves placed 
at its base. Replenished with oxygen in the lungs, the blood returns to the left auricle 
* by the pulmonary vein. It is then disdwged into the left ventricle, then by the main 
artery or aorta to the organs of the body other than the lungs. The blood from the gut 
I or alimentary canal does not flow back directly to the main vein (post-caval or inferior 
I vena cava) of the trunlc. It is collected by a large vein, the hepatic poital, wliich branches 
:i| like an artery, discharging its blood through the capillary bed of the liver (see p. 798), 
W so that all thd blood-carrying absorbed foodstuff from the intestine Ms to pap through 
the liver before it gets into the general circulauon. If you have any dMculty in remem- 
bering the ri^t and left orientation of the drculation the following mnemonic will help: 
life-giving blood’leaves lungs for left auricle, reduced blood received by right 

AURICLE FROMsREST 01 BODY. 
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from the heart. Thus the circuit appears to be so arranged that all the blood 
flows from the right ventricle to the lungs where it becomes bright red, 
thence to the left auricle, into the left ventricle, and thence to the tissues of 
the body other than the lungs, returning finally into the right auricle by the 
smqllpr veins which coalesce to form the venae cavae. Harvey clinched the 
matter by a simple calculation. His study of the action of the heart and the 
arrangement of its valves showed him that the blood could only pass through 
the heart in one direction. If the left ventricle holds 2 oz. and beats 72 times a 
minute, it will pump to the body every hour 8,640 oz. of blood, or more than 
three times the weight of a man. Where, he asked, is all this blood to come 
from or go to? Qearly it must come in some way from the veins, the same 
"blood circulating again and again. 

In a different social context the mere recognition that the blood flows in 
a continuous circuit might have attracted far less attention. Indeed it is 
perhaps more remarkable that Harvey’s doctrine emerged at such a late date 
in the history of European medicine. It appears to have been recognized 
by Chinese physicians at a very early date. It is alleged that the Chinese had 
even attempted to estimate the rate of flow of the blood. Tson-Tse in the 
sixth century b.c. is said to have taught that: 

the blood flows continuously like the current of a river or the sun and moon in 
their orbits. It may be compared to a circle without beginning or end. The 
blood travels a distance of six inches in our respiration, making a complete 
circulation of the body fifty times a day.* 

What is specially significant about Harvey’s discovery is that it happened 
when people were interested in another class of problems which arose from 
the same social background as the mechanics of the pump. Harvey’s dfe- 
covery came when “the health and accidents of the miner” (jpp. 404 and 410) 
were beginning to direct attention to ventilation and the physiological 
problems of respiration. Then again, it immediately preceded the introduction 
of the simple microscope and of a new agricultural economy in Britain. 
Direct observation of the missing linlt which is not accessible to inspection 
of the naked eye came fifty years after Harvey’s work, when Malpighi and 
others used the microscope to reveal the capillaries or finest vessds. He 
saw blood flowing through them in one direction, as is easy to do if we 
put the web of the frog’s foot under a low power magnification. 

One inference from Harvey’s experiments gave them ulterior importance 
in relation to new discoveries about the gaseous state. The blood loses its 
bright red colour in the minute vessels which thread the tissues of the body 
as a whole and regains it in the capillaries of the lungs which, as Malpighi’s 
observations showed more clearly, are in close contact with the air sucked 
into the lungs by the act of breathing. In other words, the circulation is 
arranged so as to ensure that all the blood which goes to Ae tissues is scarlet 
and aU the blood which goes to the lungs is purple. The work of Hooke and 
Mayow showed (p. 413) that an animal dies udess its lungs are ventilated 

* This passage is cited by Drs. Benkov Kuan Chin Penn and Pei-I.ung-tang(cf, 
New York Nations 11, 1933). The writer has not checked the source of the 
reference given. 
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with fresh air, that this air is as necessary to the activity of the body and the 
maintenance of the body heat as it is necessary to the continued burning 
of a candle. Like the latter the lungs replace “nitro-aerial particles” (i.e. 
oxygen) by fixed air. Thus the lungs are the organs in which the blood 
loses its purple colour and gives up carbon dioxide. They are also the organs 
where the blood gains its scarlet colour and takes up oxygen. Slare, a 
contemporary of Mayow, drew the obvious inference verified more con¬ 
clusively by Priestley, who showed that scarlet blood shaken in a vacuum 
becomes purple and regains its original hue, after further shaking if air is 
readmitted. 

So Harvey’s work was immediately followed by a new understanding 
of the work the lungs do, Subsequent advances in the study of respiration 
emphasize the stimulus derived from enquiry into occupational diseases 
which excited no concern while medical care remained exclusively a luxury 
of the well-to-do. After the work of Priestley there was little progress towards 
further knowledge of the way in which the Work of the heart is related to the 
work of the lungs until the latter end of the nineteenth century. Several facts 
of social life then conspired to stimulate interest in the nature of respiration. 
The building of submarine tunnels, like the London underground system, 
and the use of divers in constructing bridges and laying telegraph cables 
exposed workers to new risks. In addition the occupational dangers attendant 
to mining increased as deeper shafts were made. 

Passages from Agricola’s sixteenth-century treatise dealing with the safety 
and health of the miner have already given us (pp. 404 and 410) an important 
clue to the social background of such pioneer researches as those of Hooke and 
Mayow. The same issue re-emerged with increasing importance in the nine¬ 
teenth century when Davy’s invention of the safety lamp proved a successful 
safeguard against much avoidable loss of l|fe. In its dosing decade the seeds 
of a rationally planned economy based on real knowledge are beginning to 
germinate. The Government took a hand in promoting research into coal- 
gas poisoning in British mines. With new andytical tedmique and instru¬ 
ments which were not available in Priestley’s time, J. S. Haldane began 
researches which have taught us much about coal-gas poisoning and how to 
prevent it, and have also thrown light on the disorder called anaemia. Let us 
now look briefly at some of these more modem discoveries in the trail which 
Harvey blazed. 


THE RESPIRATORY FUNCTION OF THE BLOOD 
The continuous supply of oxygen to the tissues by the pumping action 
1 | of the heart depends on the fact that the blood of most active large animals 
\ contains a "respiratory pigment.” In the blood of vertebrates (mammals, 
I birds, reptiles, amphibia and fishes) and in that of many worms the respira- 
J tory pigment is the purple-red haemoglobin which assumes a bright scarlet 
M hue when combined with oxygen (oxyhaemoglobin). That of many Crustacea 
• (lobsters and crabs) and many molluscs (snails, cuttlefish) contains haemo- 
cyanin vfUch is deep blue when exposed to air and completely colourless 
when shaken in a vacuum to remove the oxygen. 

■ 2c . , 
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pigments me proteins which contuin, in addition to the customary 
elements present in other proteins^ a metal, iron (haemoglobin) or copper 
(hiii'tnocyatiin). 'I'hcir power of combining loosely witli oxygen makes them 
able to give up oxygen in die capillaries, where the dissolved oxygen is scarce, 
owitig to the feet that the tissues are using it up. Their presence m the blood 
enormously increases the amount of oxygen it can carry. Thus 100 c.c. 
of human blood at room temperature take up IB c.c. of oxygen from air 
at atmospheric pressure. But for the presence of haeraoglobm it would 
not take up more than ordinary water with the same salts as those dissolved 
in blood, i.e. about three-quarters of a cubic centimetre of oxygen. _ 
Coal-gas poisoning (cf. p. HO) depends on the fact that carbon monoxide 
combines much more readily with haemoglobin than docs oxygen. So a very 
small quantity of carbon monoxide will drive out oxygen from the blood ot 
red-blooded animals, forming carlmyhaemoglobin which is recognized by 
its spectrum and bright pinkish hue. The pink flush which the skin ex nbits 
when a person is poisoned with coal gas depends on the hict that the reduced 
haemoglobin of the blootl in the capillaries is more or less completely replaced 
by carboxyhaemoglobin. The complexity of the protein fraction united to mi 
iron compound in the molecule of haemoglobin is dillerent m dilFerent spaies, 
and the haemoglobins of dilferent species are not precisely itomcid. borne 
have much greater allinity for carbon monoxide than others. Some combine 
with oxygen more readily tlian others. Hence some species axe much more 
susceptible to coal-gas poisoning or much more sensitive to oxygen dehciency 

The ease with which carbon monoxide combines with haemoglobin is 
shown by the fact that blood is fully saturated (abut ill c.c. ot W per 
100 c,c, of blood), if shaken up with a mixture of 0>5 per cent of the gas and 
per cent nitrogen. It takes at least 15 per cent ol oxygen (mixed with 
8 f» per cent nitrogen) to convert all the haemoglobin into oxyhaenioghfom. 

Air normally conmins 21 per cent oxygen, If as little as 1 part in m 
carbon monoxide is present about 30 per cent of the haemoglobin in the 
blood of a person who breathes it is crawerted into cmbxyhacmtig ohin. 
Beyond this point diz’/ii:ie.s8 supervenes. If the air comahiii 1 part m ol 
carbon raonoxkic more than 75 per cent of the haemoglobin is put out ot 
action, and death then rcimlts. In a wclkcntilated rraim an ordinary p 
leak would not raise tlic percentage of carbon monoxide above tins level, and 
would rarely be fatal. The appropriate treatment is a simple lyplicauon ut 
the known facts about the chemical behaviour of haemoglobin. Since coal-gas 
poisoning in mines (or carbon monoxide poisoning in garages) is due to foe 
fact that a very small quantity of carbon monoxide can eoinpetc successfully 
with the normal concentration of oxygen, the thing to do is to increase the ^ 
proportion of oxygen taken in, by making the patient breathe pure^ oxygm, 
which gradually displaces the carbon monoxide feom combraauon with | 

haemoglobin, , , • t 

Anotlier occupational condition which depids on the gas-carrymg | 
capacity of the blood is (kim disease. This is of imfiortaacc in cotmexion 
with diving, submarine work and making deep tunnels. It can be products 
cxpcrimentolly by putting animals k a chamber under high atmospheric 
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pressure. If the pressure is suddenly released the result is the same as re¬ 
leasing tlie trigger of a soda-water siphon. The extra gas (nitrogen and 
oxygen) dissolved m the blood under the extra pressure comes out of solution 
as bubbles. Frotliing in the arteries results in immbness of the limbs. If they 
collect in the heart, the bubbles may stop the circulation with fetal results. 
Tlie victim, if still alive, can be cured by raising the atmospheric pressure 
till the gases are rcdissolvcd. If the pressure is then very slowly lowered to 
th(3 normal level the excess of gases escapes from the lungs without forming 
bubbles. In using the “diving bell” it is therefore importaot to lower the 
pressure very slowly when coming to the surface. 

While progress in the study of respiration has been largely due to the 
impetus derived from the study of occupational diseases, advancing know¬ 
ledge about other aspects of the circulation illustrates the debt of medicine 
to the mechanical sciences and to new physical apparatus which key have 
made available for general use. The pumping mechanism of the circulation 
ensures a supply of food as well as of oxygen to all parts of the body. The 
need for oxygen, unlike the need for food, is continuous. This is shown by the 
c ' fact that it takes very little time to die of sufibcation and a very long while 
to die of starvation. Hibernating animals, like the dormouse or bats, may go 
for months without food. Hence carrying oxygen to die tissues is much the 
most important thing about the work the heart docs. 

I'his is illustrated in a striking way by the fact that die heart of insects, 
though built on the same plan as dial of their nearest allies, shrimps, crabs, 
spiders, scorpions, etc., is extremely degenerate, and generally useless. The 
reason w'hy insects can get along quite well without a funcdonal circulation 
is that a scries of pores on either side of the body lead into a branching 
system of fine tub^ with spiral thickenings, first described by one of the 
: earikst microscopkts, Malpighi. These tubes, c&M tracheae (Fig. 441 b), 

penetrate to the imserraost tissues, so that oxygen can diffuse into the deepest 
regions of die body widiout the intervention of a blood stream. Apparentiy 
the diffusion of foodstuffs through the fluids in the cavities which penetrate 
the tissues meets all the working requirements of the animal. 

The ibod requirements of the animal body will be discussed later. The 
blood is important k other respects. It carries the chemical telegrams of the 
body called hormonw (Chapter XXII). It is also concerned with resistance 
to disease and widi heat regulation in warm-blooded animals. The problem 
of heat regkadon has been the subject of research, ever since Harvey’s 
work, which cokdded widi the kveiitioiv of the thermometer. From time 
I immemorial excessive wrmth of the skin has been recognized as a general 

i characteristic of fev^, or as we should now say diseases due to micro- 

I , orpnisms. llic clinical use of the thermometer made it possible to diagnose 
the onset of fever by a more delicate test. 

THK BLOOD FLOW ■ ' „ 

f The way k which the body temperature of a mammal such as the human 
species is malnteked at fekly constant temperature (about 98® F. or 37® C. 

■ k a healthy adult human bekg) depends on the fact that the arteries anti 


8 o4 Science for the Citizen 

veins have a muscular coat by which die width of the channel can be increased 
or diminished. The finest vessels or capiHaries, which form a network m die 
tissues connecting the terminal branches of the arteries wi& the finest 
tributaries of the veins, are also contractile. As explained on p. 601, the drop 
of pressure between the large arteries and the veins depends on the bore ot 
tlie fmest vessels (arterioles and capillaries). This was one of the discoveries 
made when scientific interest in the pump was directing enqmry into the 

characteristics of fluid pressure and flow. , w 

Stephen Hales, die English physician, whose work on coal gas has been 
mentioned (p. 418), made the first pressure-gauge measurements on arteries 
and veins in the early years of the eighteenth cenmry. The study of pressure 
variations did not progress tiU the compound microscope revealed the muscle 
fibres of the finer arteries. If a pressure gauge is connected with a rat artery, 
the end of which is clipped while the connexion is made, a high pressure 
will in general signify that the finer blood vessels are constricted, and a low 
blood pressure wiU in general signify that they are dilated. Since a flmd 
communicates pressure in aU directions, die blood pressure of a human being 
can be taken, as is often done at a medical overhaul, by findmg the mcrease 
of atmospheric pressure necessary to squeeze the large vessels flat so that no 
pulse is felt (Kg. SDOa). An unusually high blood pressure is a premomtory 

Tlie SuS blood flowing through an organ varies. How it varies m 
be studied by recording carefully the blood pressure, die heart rate and the 
total volume of the organ under various conditions. The volume of an organ 
can be recorded by closing it with a rubber bag and notmg the air pressure 
in the bag (Tig. flflOu). To some extent the blood flowmg through an 
is adjusted to die oxygen requirements of the moment. Other things being 
equal, the rate at which a tissue can take up oxygen depends upon the amount 
of blood wliich flows through it in unit time. Now the flow of a liquid through 
a tube of uniform bore depends upon the force propping it, the length 
traversed and the sectional area of the tube, Only the first and the last oi 
these need be considered in connexion with the circulation since me le^ 
of tube traversed is approximately constant in the blood vessels. As the mm 
of the heart is an intermittent quantity, the average force of the hfiM-bisit 
depends pardy on the frequency of the beat, or pulse rate, and partly on the 
amplitude or strength of the individual beats, Heart muscle reacts m stretch¬ 
ing by increased frequency and amplitude of beat, so that any mcr^e m 
the resistance of the finer blood vessels calls forth more powaful action on 
the part of the pumping organ. 

The heart beat is also regulated by two sets of nerves, branches ot me 
sympathetic system (p. 1025) and of the vaps respectively.;rhc former dis¬ 
charge impulses tending to augment and the latter to inhibit the hem beat 
The increased pulse rate following excitement or excessive exercise is due to j 
die action of the former. The variations of heart rhythm that are thus i 

affect only the circulation as a whole. Changes in the blood supply 
organs are possible on account of the fact that both the arreri^ and the vel^ 
like the Intestine, have walls with a double coat of plain muscle, one coat with 
the fibres arranged drclewise and one with the fibres arranged tengthwisft, 
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The extent of contraction of these muscle fibres is under nervous control, 
and any change in the extent of contraction of the muscular walls of the 
blood vessels means that the diameter of their bore is increased or 
diminished. 

The capillaries have no muscle fibres in their walls, which are formed of a 
single layer of cells. The latter possess a measure of contractility. Blushing 
results from dilation of the smaller arteries and capillaries of the skin of the 
face, and the llushmg of the skin after vigorous exercise gets rid of the surplus 



Fig. 300.— {<j) Ummm the Arterial Blood Pressure in Man 
(6) Measuring the Volume Changes of a Limb 


heat produced. Loss of heat from the surface of the body, when exposed to 
cold, is reduced by constriction of the blood vessels of the sldn, hence the 
whitening of the surface after bathing in very cold water. Sometimes the 
apiMes remain dilated while the smaller arteries are almost completely 
closed up, When thk occurs, stagnant pools of blood occur in the capillary 
network and as their oxygen is used up tiie blood itself becomes completely 
reduced, Tins is what happens when the tips of the fingers become blue on 
acoMday, 
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The blood of most animals is never warmer than the atmosphere, and they 
cannot withstand either great cold or warmth at wliich birds and mammals 
can easily live. Our blood is kept at a constant temperature (about 37° C.) 
in ordinary circumstances. When we are exposed to a warmer, tempera¬ 
ture or produce excessive heat by muscular activity, secretion of sweat taltes 
place. The evaporation of sweat from the surface of the body absorbs heat, 
and so keeps the surface cool. Shivering is also a means of regulating body 
heat. We have lately learned more than we used to Imow about it owing to 
promotion of low-temperature research in connexion with cold-storage 
problems. The sldn has nerve endings which are sensitive to extreme cold. 
When the surface temperature is lowered unduly, they transmit messages 
which produce muscular twitching. Early in the history of the animal machine 
Lavoisier’s experiments showed (p. 596) that muscles produce more heat 
when active. So the effect of shivering is to raise the body temperature, and 
hence compensate the loss of heat at the surface. 



THE MARRIAGE OF SURGERY AND HUSBANDRY 

The experimental method on which Harvey’s researches were based began 
a new tradition, which was carried on by leaders of the surgical profession 
like John Hunter during the seventeenth and eighteenth centuries. Gradually 
the work done by the principal organs of the body began to be understood, 
and a new horizon of curative treatment unfolded. Guided by a body of 
theoretical knowledge based on experimental evidence, surgical practice was 
learning what organs are essential to the maintenance of life, in what circum¬ 
stances their work could be performed by other organs or by mechanical 
aids, and what effects their removal would exercise on the general health of 
the patient. One thing which distinguishes modem surgery from the practice 
of antiquity is that the modern surgeon can recognize with greater confidence 
whether harmful results will ensue after removal of a diseased organ which 
might otherwise infect the whole body, leading to death or chronic illness. 

The story of how this knowledge grew will emerge in subsequent chapters, 

The tempo of progress since Harvey’s time depends on the coincidence of 
many influences. Growing knowledge of chemistry, heat and electricity in 
relation to social needs and social circumstances which have been discussed 
in earlier chapters supplied new clues, and the continual invention of new 
instruments which emerged as a by-product of advancing knowledge in man’s 
conquest of materials and of power again and again put powerful instruments 
of research in the hands of lie medical profession, Meanwhile other aspects 
of man’s social life brought pressure to bear on the search for deeper insight 
into the behaviour of living matter. 

Mere pressure of population in northern Europe was a feature common 
to the extension of mining and agriculture. The exhaustion of fuel supplies j 
gave a decisive impetus to coal production. Exhaustion of available space for f 
extensive farming of the type which had largely supplanted the more orderly L 
intensive practice of the later Roman Empire may have contributed to the 
swift improvements in which English agriculturists played a leading part. 

The seventeenth and eighteenth centuries witnessed a host of innovations 
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—drainage, winter storage of roots, crop rotation, tillage, manuring, drill 
sowing, and improvement of domesticated cattle. How Britain assured her 
independence in a hostile world has been expressed in the epigram that the 
Battle of Waterloo was won on the turnip fields of England, The expansion 
of population which accompanied what is usually called the Industrial 
Revolution and tlie subsequent beginnings of modem biotechnology were 
made possible by these improvements. 

It is a profound error to dismiss this change as mere empiricism, because, 
as yet, no embracing biological generalizations had entered into the practice 
of farming. In the same sense we might say that there was no science of 
medicine before Pasteur, or before Sherrington, or before Hopkins. What was 
essentially new in the situation was that there existed close contact between 
leaders of science and the promoters of the new practice. In an article 
on the subject, Marshall {Em. Hist. Rei}., Vol. II, 1929) puts the issue very 
clearly. Referring to the “astonishing intellectual vitality of the century and 
a half following the Restoration,” he writes: 

This vitality appears to have been manifested in two bursts round 1660 
and 1760 with soraetliing of a lapse in between. It was in the highest degree 
inventive and practical, and reveals a close alliance between pure science 
and technical economic progress. This was not a dark age starred by two or 
three prophets of whom it was unworthy. In so far as it was in our particular 
sphere unresponsive, it had excuse. The; picture of the farmer obstinately 
shutting his ears to the unanimous voice of the experts is false. The experts 
differed, and wrestled over their differences. .. .” 

Though two centuries elapsed before advancing Imowledge could dispel 
iqany of the differences, the practice of agriculture was now ceasing to be 
regulated by oral tradition alone. It was acquiring a literature, and a literature 
—unlike the Georgies—with its own language, its own method and that live 
inquisitiveness which is the offspring of acquisitiveness in the best sense of 
the word. It was also shaking off painfully the Aristotelian tradition, as 
chemistry and astronomy , had done. 

What the monastery physic garden began, the learned academies which 
followed the growth of an organized secular profession of medicine completed. 
In England the emergence of the Invisible College (see p, 562) happened 
when capitalist farming was seeking to exploit new practices. Husbandry no 
less than navigation and mining was infected with what Clark has called the 
“adventurous hopefulness’’ of the times. In 1666 the English Royal Society 

tion. Twenty-six “Heads of Enquiries” were printed that they might be 
“the more universally known” and that persons skilful in huskndry 
, might be “publickly invited to impart their knowledge herein for the 
common benefit of the country.” The topics included “the several kinds 
! of the soyls of England” (sandy, gravelly, stony, clayie, chalky, light 
j mould, heathy, marish, boggy, fenny and cold weeping jpound), when 
^ each was “employed for arable”; “what peculiar preparations are made 
use of to these soyls for each kind of grain, with what kind of manure 
they are prepared; when, how and in what quantity the manure is laid on”; 
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“what kinds of ploughs are used”; “the kinds of grain or seed usual in 
England”; “how each of these is prepared for sowing,” “there being many 
sorts of wheat... and so of oats . . . which of these grow in your county 
and in what soyl, and which of them thrive best there . . .”; “how they 
diifer in goodness”; “what kinds of grain are most proper to succeed there”; 
“some of the common accidents and diseases befalling corn in the growth 
of it, being blasting, mildew, smut; what are conceived to be the causes thereof 
and what the remedies”; “amioyances the growing corn is subjected to, as 
weeds, worms, flies, birds, mice, moles, etc., how they are remedied”; 
“waies of preserving the several sorts of grain”; “how the above mentioned 
sorts of soyl are prepared when they are used for Pasture or Meadow”; “the 
common annoyance of these pasture and meadow grounds.” 

Such are samples of the questions. The replies to them were placed after 
discussion in the archives of the Society. They have been lately rescued by 
Lennard, who analyses them in an article in the Economic History Reoiew 
(vol IV, 1932). Here deliberately and systematically organized science takes 
stock of the common experience of mankind to formulate problems for which 
precise solutions are now available. Truly “a brave attempt to link up book 
learning and scientific research with the experience of practical farmers,” as 
Lennard says. We may go farther and say that it is the first vision of a ration¬ 
ally planned ecology of mankind. 

In a recent essay ostensibly composed to divulge the “Nature and Signi¬ 
ficance of Economic Science” Professor Robbins justifies his scorn for 
economists who pursue realistic studies in preference to the so-called analytical 
method by asserting that they have not as yet produced a single comprehensive 
generalization. The eighteenth century is littered with the wreckage of com¬ 
prehensive generalizations with which the protagonists of the phlogistqn 
doctrine, preformationism, vulcanism and a host of minor exploits in elegant 
deduction from selfrevident principles obstructed the steady and piecemeal 
advance toward the solution of problems clearly conceived by the founders 
of British empiricism in their relation tq vital social needs. If the study 
of human society ever comes to occupy , the prestige and to enjoy the con¬ 
fidence which the natural sciences have righdy established, it also must 
start with heads of enquiries rooted in the common experience of practical 
affairs, proceeding by patient examination of innumerable facts in the 
assurance of Francis kcon that “the roads to human power and to human 
knowledge lie close together, and are nearly the same, nevertheless on account 
X of the pernicious and inveterate habit of dwelling on abstractions it is safer 
H to begin and raise the sciences from those foundations which have relation 
IF to practice and let the active part be as the seal which prints and determines 
^ the contemplative counterpart,” 


CHAPTER XVII 


REPLENISHING THE EARTH 

The social background of biological knowledge presents a far more intricate 
problem than that of astronomy, chemistry, or the various branches of 
experimental physics. Conspicuous contributions of organized biological 
knowledge to man’s social life are of comparatively recent date. Its most signal 
achievements are hardly more than a quarter of a century old. If we plan the 
application of resources which are now emerging, they may well seem to be 
trifling compared with developments which are now taking place, especially 
in the realm of agriculture. After the first outburst of primitive biotecMogy 
which arose to meet the needs of a localized self-sufiicient economy, no 
important advances occurred. From about 2000 b.c. till the middle of the 
sixteenth century of our own era, agriculture remained untouched by the 
growth of theoretical knowledge. 

Medicine ranks with astronomy as the oldest learned profession, and it has 
perhaps a more continuous history as such. In two ways this fact has affected 
the comparatively steady growth of biological knowledge in the absence of 
any other social requirement which biological enquiry of one kind or another 
has gratified. Some departments of biological knowledge which seem to be 
totally unrelated to medicine, as we know it today, were originally part of 
the training of a medical man, and were pursued with painstaking care sus¬ 
tained by hopes which proved to be illusory in the long run. Thus the smdy 
of botany was encouraged by exaggerated, and sometimes fantastic, beliefs 
about the curative powers of herbs. If in one sense botany led the physician 
up the garden, it is also true that the trail was not abandoned till knowledge 
of plant physiology and breeding had aheady shown promise of yielding 
results of equal importance to the horticulturist and to the farmer. Organiza¬ 
tions for promoting scientific horticulture and scientific agriculture were 
aheady in being before pure chemicals banished herbs from the pharma¬ 
copoeia. 

The existence of medicine as an independent social institution also guaran¬ 
teed the presence of a body of men ready to exploit whatever relevant know¬ 
ledge emerged from a new impetus to discovery in other fields. If a Hooke or 
Black appeared in the domain of physics or chemistry, there was always a 
Mayow or a Crawford on the spot. Aside from the indirect impact of new 
social needs through the influence of theoretical discoveries which have arisen 
as a by-product, the medical profession has continually benefited from the 
invention of fresh instruments of practice and thereby of research. Today 
the maker of scientific instruments keeps a watchful eye on the physician as 
a market for his wares. It would probably be true to say that this is no new 
thing, though the rapidity with which seventeenth-century medicine found 
a clinical use for new instruments like the thermometer was chiefly due to 
the close contact of the medical colleges with the newer scientific academies 
of Italy, England, and France. 
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Both the practice of medicine and new theoretical knowledge have con¬ 
tinually benefited in this way. In the past few decades it is sufficient to 
recall the introduction of X-ray diagnosis into surgery or the new insight 
into sensory phenomena through the use of the amplifying valve. Between 
Harvey’s treatise and the raidffie of the nineteenth century, improvements 
in the construction of a single instrument provided the means which con¬ 
tributed to outstanding biological progress. Clear and definite information 
concerning the nature of reproduction in animals and plants, the discovery 
of micro-organisms, and a close-up view of the material basis of inheritance 
were discoveries which paved tlie way for almost every subsequent and con¬ 
temporaneous advance of biological knowledge. All three were the direct 
restdt of the construction of the microscope. 

The story of an advance which was so spectacular in its first stages records 
delays due to the imperfections of the earliest instruments. The original 
invention was a side-line of the spectacle industry, doubtless fostered by the 
utility of the telescope in navigation and its sister science astronomy. A 
second outburst of biological discoveries followed the production of high- 
power magnification in the first few decades of the nineteenth century. It is 
not an accident that the first successful observations on the annual parallax 
of a fixed star, the announcement of the Doppler principle and rapid progress 
in the study of optical interference took place in the same decade (1830- 
1840) as a plethora of new biological discoveries, which include the cell 
doctrine, the penetration of the pollen tube into the ovule and the recognition 
of the m arniTialian ovum. Improvement in the design of microscope and 
telescope have gone hand in hand, and biological research has benefited 
from the social demand for the latter. 

The invention of the compound microscope at the beginning of the seven¬ 
teenth century and its equipment with achromatic lenses early in the nine¬ 
teenth century respectively coincided with new phases in man’s conquest 
of the soil. During the seventeenth century an agricultural innovation which 
had very profound consequences was spreading ftom the Low Countries into 
England There the first fruits of the new miaoscopical knowledge were 
attracting the keenest attention in the newly founded Royal Society, which 
published communications from some of the most distinguished of the conti¬ 
nental microscopists, notably the Dutch merchant van Leeuwenhoek. With 
reference to the origins of crop rotation, Gras (History of Agriculture, p. 182) 
writes: 

The history of such a system is hard to write. Here and there the scientific 
rotation has come to the front, as the culmination of experiment, trial and 
error, the experience of cultivators, and the research and tlieorizing of agri¬ 
cultural students and writers. It arose in ancient China on large estates, perhaps 
in medievd Lombardy and Tuscany, in parts of Spain, northern France, and 
Switzerland, in the Rhineland, and notably in Flanders since the fifteenth or 
sixteenth century. Not far from towns and in districts with a dense population, 
the scientific rotation, or something like it, first developed. The scientific 
rotation system that has meant most for die modern world, the model for ^ 

western Europe and America, was developed in England. Just as the Romans / 

borrowed much agricultural lore from the Carthaginians, and the Spaniards 


from the Moors, so did the English get from the Flemings the two new essential 
ingredients of their scientific rotation, clover and turnips. The best Imown 
variety of the scientific rotation, and also probably the oldest in England, is the 
NorfoUc rotation of clover, wheat, turnips and barley, developed in tlie eastern 
county of NorfoUt and at the end of the eighteenth century, made famous in 
Europe and America by Arthur Young. Like many good things, it was over¬ 
done. Found applicable in Norfolk, it was introduced into many other counties 
where, as William Marshall and Sir James Caird pointed out, some other 
rotation would have been better. It was the task of the eighteenth century to 
popularize it, and of the nineteenth century to adapt it to local conditions. In 
the county of Norfolk, however, it is stdl the dominant type, though not 
, unchallenged. 

Concerning the introduction of the system into England, Ernie (English 
Farming Past and Present) regards the influence of Sir Richard Weston as 
specially noteworthy. He states (p. 107): 

The important change, with which Weston’s name will always be associated 
is the introduction of a new rotation of crops, founded on the field cultivation 
of roots and clover. As BriUat-Savarin valued a new dish above a new star, so 
Arthur Young regards Weston as “a greater benefactor than Newton.” He did 
indeed offer bread and meat to millions. Whether Weston had visited Flanders 
before 1644 is uncertain. His attempts to malte the Wey navigable by means of 
locks suggests that he was acquainted with tlie foreign system of canals. On 
the other hand, liis treatise on agriculture implies that he paid his first visit 
to the country in that year as a refugee. A Royalist and a Catholic, Weston, at 
the outbreak of the Civil War, was driven into exile, and his estates were 
sequestrated. He took refuge' in Flanders. There he studied the Flemish 
methods of agriculture,'especially their use of flax, clover and turnips. For the 
field cultivation of clover he advises that heathy ground should be pared, burned, 
limed, and well ploughed and harrowedj that the, seed should be sown in 
April, or the end of March, at the rate of ten pounds of seed to the acre; that, 
once sown, the crop should be left for five years. The results of his observations, 
embodied in liis Discours of the Hushandrie used in Brabant and Flanders, were 
written in 1645 and left to his sons as a “Legacie” The subsequent history of 
the “Legacie” is curious. Circulated in manuscript, an imperfect copy fell into 
the hands of Samuel Hartlib, who piratically published it in 1650, with an 
unemous dedication “to the Right Honourable the Council of State.” In the 
following year Hartlib seems to have learned the name of the author and to 
have obtained possession of a more perfect copy. He therefore wrote two 
letters to Weston, asking him to correct and enlarge his "Discourse.” Receiving 
no answer, he republished the treatise in 1661. Eighteen years later, the Discours 
was again appropriated—this time by Gabriel Reeve, who, in 1670, reprinted 
It under the title of Directions left by a Gentleman to his Sons for the Impovement 
of Barren and Heathy Land in England and Wales. Roots, clover, and artificial 
grasses subsequently revolutionized English farming; but it was more than a 

century before their use became at all general. 

Not less important as a facet of the social background of growing interest 
in the problem of reproduction is tlie rise of commercial horticulture in 
I England. In Holland the bulb industry which began with the tulip cult in 

I the sixteenth century was already a powerful enterprise in the opening years 
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of the seventeenth. Meanwhile tlie practice of gardening had undergone 
considerable changes during the Elizabethan period. Amherst {A Hisiary of 
Gardening in England) writes: 

... In tlie Middle Ages, what we should now call the Idtchen garden, was 
in most cases the only one attached to a house. The idea of a garden, solely 
for beauty and pleasure, was quire a secondary consideration. In early cookery 
books, various recipes for serving up vegetables are given, tliough only a few 
of these dishes are vegetables cooked alone. But the wealthy, who could afford 
to get all the ingredients of these many recipes, had so much meat, and such an 
immense variety of game, cranes, herons, curlews, and other birds, besides 
those still in use, that tliey did not care for vegetables served separately, in any 
quantides, except on fast days. Gardens had cldefly to supply herbs for stuffing 
and flavouring, and these were freely used. For example, the first recipe in one 
book is for cooking a “hare in Wortes.” . . . There was both a good variety 
and a fair supply of fruit in the fourteenth ancl fifteenth centuries. Several 
new kinds of apple and pear ai'e mentioned by the poets of the day, and must 
have been well known. Lydgate speaks of die Pomewater, Reardon, Blaun- 
drelle, and Wueening apples. Gower of another kind, the Bitter-sweet. , . • 
Cherries and strawberries were hawked in the streets of London, and the cry 
of “Ripe strawberries” was familiar even in Lydgate’s time. . . . Plums 
not often mentioned, eitlier by the poets, or in old accounts, but we know that 
both damsons and bullaces were grown in this country, though probably in 
no great quantities. ... In an old recipe for a pudding called mon ^y, 
the cook is directed to “plant it with flowers of violets, and serve it forth. In 
another MS. a recipe for a dish called “vyolette”_is_ given. “Take flowrys of 
wolet boyle hem, presse hem bray hem smal.” This is to be rmtd wim milK, 
“floure of rys,” sugar or honey, and “coloured” witlv violets. Not only were 
violets cooked, but hawthorn, primroses, and even roses, shared the same fate, 
and were treated in the same way. One recipe, called rede rose,^ is simply, 
“Take the same saue a-lye it witli the yolkys of eyroun and forther-more as 
wolet.” The rose hips were also used, and in a dainty dish called ‘saue sMacen, 
“hippes” were the cliief ingredient. ... It was only tlie Imge landowners 
who indulged in a garden speciaUy set apart/or flowers and pleasure.The 
garden of every small manor and farm-house in the kmgdom_ was essentially 

for use_The reign of Elizabeth was a golden era in English history, and 

abounded in men of genius. Among the many branches of art, science md 
industry, to which they turned their attention, none profited more from the 
power of tlieir great minds, than did the Art of Gardening. Bacon s Essay on 
Gardens is familiar to everyone. Lord Burghley was the p^rori of Gerard, one 
of the greatest of English herbalists, and to Sir Walter Raleigh we owe me 
introduction of our most useful vegetable, tlie potato. About this time me 
persecution of the Protestants on the Continent drove many of them to find a 
safe refuge in England. They brought with them 
about gardening, and thus helped to improve tlie condition of Idhrti^toe. 
The Elizabetlian garden was the outcome of the older fashions m English 
gardens, combined with tlie new ideas imported from Fr^ce, Italy, and 
Holland. The result was a purely national style, better suited to this county 
than a slavish imitation of the terraced gardens of Italy, or of those of Holland, 
With their canals, and fish-ponds. There was no breakmg away from old to 
and customs, no sudden change. The primitive medieval garden g^ew 
pleasure garden of the early Tudors, which, by a process of slow ^aM 
development, eventually became the more elaborate garden of the Elizabethan 
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era. . . . The changes in the kitchen, or “cooks-garden,” were not so marked 
as in the “garden of pleasant flowers.” 

As the flower-garden lay m front of the house, “in sight md full prospect 
of all the chief and choicest roomes of the house; so contrariwise, your herbe 
garden should be on the one or otlier side of the house ... for the many 
different sents tliat arise from the herbes, as cabbages, onions, etc., are scarce 
well pleasing to perfume the lodgings of any house.” This is certainly a change 
from the gardens of earlier times, when herbs covered more or less tlie whole 
area of tlie average garden, when groundsel was allowed a place with leeks, 
thyme, and lettuce, and was classed among garden herbs indiscriminately with 
periwinkles, roses, and violets.... A striking proof of the progress gardening 
was making during this period, was the growing importance of those practising 
the craft in and around London, until at lengtli, in the third year of IGng 
James I, tliey attained the dignified position of a Company of the City ot 
London, incorporated by Royal charter. In that year all those “persons in¬ 
habiting within the Cittie of London and sixe miles compas-therof doe take 
upon them to use and practice the trade, crafte or misterie of gardening, 
plantmg, grafting, setting, sowing, cutting, arboring, knocking, mounting, 
covering, fencing, and removing of plantes, herbes, seedes, fruit trees, stock 
sett, and of contryving the conveyances to the same belonging, were 
porated by the name of Master Wardens, Assistants, and Comynaltie of the 
Companie of Gardiners of London.” Thomas Young was appointed first Master, 
and seven years was tlie term of apprenticeship to the Company. 

The publisher of the Legaeie was prominent in this movement. Gothein 
(A History, of Garden Art, vol. II) says that during the Protectorate; 


. . . kitchen and fruit-gardens were actively encouraged in these years. A 
certain Hartlib, a Pole by birth, earned a pension of £100 from Cromwell in 
recognition of the work he had done for the furtherance of agriculture, an 
especially because he had encouraged gardeners in trade enterprise on a large 
scale, wffich was extremely rai'e, except quite near London. 

In the Restoration period John Evelyn communicated a treatise on forest 
trees to tlie Royal Society with a view to encouraging the introduction of 
new trees. In a letter written to Pepys in 1686 he draws up a list of trees to 
be brought over from the New World. “Evelyn,” says Amherst, 

liimself tried to procure new seeds and plants from abroad, and dso to make 
those trees he advocated in his Silva more plentiful; for many of the«t such as 
the Plane and Horse-chesmut were still uncommon in this country, and others, 
the Larch, Tiilip tree and Cedar among the number were scarcely obtainable. 


The rotation of aops raised a new technological problem. In field pro¬ 
duction of corn the seed used for propagation of the ensuing crop m part 
of the harvest. Field production of clover, turnips, and grasses m the tour- 
course system made the culture of plants for seed production a separate 
operation Writing in the latter half of the sixteenth century, Googe, whowas 
one of the earliest to advocate root crops, describes pasture sowmg byscatte^ 
ing hayseed gathered from the debris of the hayloft, f/ is xlear ^ 
time seed production for pasture was not as yet commerdaked. In the Charter 
of the Worshipful Company of Gardeners at the beginning of the reign of 
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\rae iKJtanists as iiuKh a*, •iitlwaian, Wdiiafii Abfodm irj hi, i4?a!o:m:.- of 
sevt'iity-oiie pages issued iti IV/R disraraies ihe famirucfoiufi;’ td plaius, aad 
refers to tk system of linuanis as ilie kmt. lu AVikoho’s mar.innt-' srsvso 
teen distinct varitiies fif peas jy<* otlae.t, luulit'r -in {Vdl- Usdip Atid.-r, 
in tJie first cdilioiiof tlu* (miim's Piiumn\ iud EKssrdrd esytRiim-yis 
repaiiiig Bradley *!« (vitfe infra) fivrili/amai of uihp-s ity rnnoi on; rh? asdhur., 
arid iilfio showing that spiuwli, whadij hfe dog\ mef^irry, Ihmi'*. -r.u’ainitf* 
and pistillute flowers on sejiaratc pljiin,, wjil uoi iirodikc foitde ''.Ukis wruiii 
the plaiits are grwvn apars, Aialath.i hmiself '.sas Ciovenwr of ih Apothc' 
caries’ Cibjnpiiiiy and worked at ChfinM I'hysii: foardrwa r)|' h, (mhm-'i 
md flm'sds Dklkmty nr Ikmpkh: Sv‘lm o/ ikrlkuiswe laiiiraeus fail 
“mi ent ksicoii horttduuoriuii i.isl iMa.a.iutuiri!.'' 

While the use of the muiptiund miati.iupe vias hroatfaiiug ite AdS" 
lofeliiiii coiieeptiuu of Kesitalijy tuid eitcmlisk!; it to ifo* inierprefatfort trf 
seed prodticlioa in floryering plains, cofsiinsrcM! 'red pHnluotitin in agn- 
culture was £i new twliiwlnpica} athieveuirnt, in thr t-wo drc.uln wliidi 
preceded and fiillowed the iiifroduciiun of ninrc powortui s‘’nt|'*njnd jnlcfo- 
seeps (alKiiit tiitld), horiiailtiiral sad produiifon liad the in*,us of a 
lively interest in priHluctiim «l new vaiirfies nt hyludn'iitioi! iJiip’* 
ter XXI), During the intcttcnifig isfjmd tin; stu ly nt repnKtoive pbcti#- 
mesia in phruts lecdved a ctiutinucd, i>s;prfir, Uojn dtr pt.tvtu'al tipplkitroiis 
of the new knowietlgc, an cstampfo nt ulueh is tbndsjivd By tlit vroik tif 
Thomas Ktriglif, a prtsiifcjii ni the newly immA Ikiddi Jluftiwitlwial 

Society, oruToiai'plIitiiitiofiiifapptes. ■ 

Owing to die recent md dcplwifelc sqiiwiba of tiurwil md plmt hkfkigy 
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in fhi* curniada oi nwuy tmiversitics, i! is easy to forget the dose inier- 
rt‘!aiinivdii|'i o! Invianie:!!; and znological studies at this lime. How iniirniitely 
progress ot ciiouirv iuto lepnuhktivc of plauis was tounccteil 

with new foifiw!D!!;i,' of'aoiiiKti iirewliny, and nw utnu, is wd! illusiratcd by 
lire opeiiiu!; words wiili wiiich K.uiyht isiffoduies a paper wiiidi lie read to 
the Koya! ‘ioeieiv in Ikifo: 

1 have lii-en wigsw.rj dniui' iiuuy yaai"; iii caerrijufiits on fruit fraai of 
wliieh the ooi-au! has iisru tt> ui Hu-r da,: hr-a ousua; oi fonijiiu; new Vurictks, 
that ueiv Ik* iouitd lu-Uei t.ik iiritad ior (hi: diuiatt* of Ihiiaiu llian thust.* at 
presnit eulttvab:.!. fn this iiH|uir;,' niy cJiViriS; Imvo iH-ea always most Biiccesiiful, 
when 1 prop:! 5 S!!e,i horn ilia of una vitrieiv am! the fomalfs of aniuhcr; 
auii 1 Wiiii '.ifeir hy )i(t- ‘.iijii iiir.itri fu asieiaiiin iimri; iiecnnudy tiu* coiiiparittive 
it)!!uf!icc of ftii.- luaja and lamiilc jssfciiis on t!ie t'luiisKr.er of the ofeijiriu!;. Tlic 
di'ir hrtwaytt jdanis and uiiiffiahi in iilmoiit cvcryitliing wliith 

rtisjwu'i gaiifisiiiiiii sndiiia'ii me also to uiuih! very miiiutcly to similar experi** 
merits irr whiiit I (.Tigagad on sume species of itumiiits, , . , 

The iutimludmu of' root irmps applied a new iiiccmivt; tu siieqi and Ciittle 
hreedim;, With adt.'C|iiase wiriter feediiig it was iit,tw possible to siatidardiy.e 
the cnviroiinienf. Au avicrpiatc ruviforuiiimt made it pussibli: lo set tip men's; 
rigoroii'i stiiudards of'hriialit.ify equiptiicuf, In I*ri!.<Iiifid Ijctwetm 17ii(i mmI 
IT'.ifJ Hakmvi'!!, a !„irmer wliu priiciisfit inteusivc sdectivt* iuhreed- 

iug tor llr-.h ipiahty ami •■)/,; ftf cattle, illso fstalrlished llie Hew l.dcestiT 
breed of sli^cp. Hi-, 'tur..c’■; became nuioriuus. f fouiimmirtl dukes mid Hiissiart 
piim't’", vr-m-d in-i I'.um, ami =Tu-,,fon. cuivwlr'm,," s:iy:i l*rtithew, “followed 
hi'- fx miplc,” ‘ilus •l'.-wk>pii)f‘!it owisl ui-fiiii!;; ihii'ctly lu the adviuia uf 
luulii'uca! fnowfody-* Tim pMcticf aiul theory of auinin! and phuit: hnsditlg 
usated f,ucc''-'.hvly mm t-- thr lahcr, Alihoiigh it is not ja-ssiblt; to ini® 
;iuv diu:=,! mihi'.'!!..',* of -.Unl bivcdim', on tiw sucntilic stmly of ttmiiial 
lepnrduvSitiis in;!, r.ulv ‘. 1 ihcrc is no dutiltt that the rmpirkal improve-' 
immt of 'ill.':-;! .'md wiiil;,* ui the Hujittmith cvmury, av-ndau-d c -paialty with 
file iniiie ol Ifo.iww:-,;! in ITfoat l, fathbl the Idirf that the sumo iiwthud'i 
mi|di! “psiidiiw-* hire himis ofj-'lant.s a-; have iiotyci fiKii hwird of.” 
Kufojit "uvs iu m.w ol hi. paper*; 

1 ciffiin,! thsm.,'i dm subimt wifhoui c-xpressiug i«y regret that tlwse, who 
have, mui.to, tiu u'wu«f' 4 botany ihrir sufotet iiirduld have corimMeKd'the 
imprssvrmcw of tis.jse icgcMbfoi which in ilieir caWvatd giate afford the 
lary.est poi li-m uJ \»bsj f«u ‘ lo manLiud and oilier iUiiriBlif iiii little wiHMCted 
uitit flif* cubic-, t ol tbfir i'titnitut. . . , Wiiiie uiucti att('n'U.i()ii'hus heeafidd to 
the iniproVimicnr of every si.trcies of useni! imiiiials tltc fra,);ir valwiWc esculent 
plasits Imu' Iti'H wSi..,*U' m.-;kctt‘'i. . , . The improvement of animals is 
iittained wuh om; ii (■sp-~u’,c an I fir.:' unproved Nmis necessarily extend them* 
selva lilottly., bij n iugl-* bw h/i oi iinprnvrtl wlieat or peas imiy hi ten years 
he made t(i alh'o! s.ii'd m-sug!! t,o supply the whole isliitid, 

Sl'tlSIAKEWS 

The firs't t’ornpund mkrosaipes, whtdi provided a free passlaio a totally 
tmoepbred iitifoersc during i.l5c mid decides (jf the scveiitanuh century, 
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belong 10 the period which also wimeKsed Riinier’i; discovery of 
the linite speed of lighi, the puldicatiiai oi'ihe lust rnaps sittiwii)!.; the niowds 
mounttiio;; and tlie study of the )i[U‘i:ltiini. The disci!vcrii.’s whicli iliey made 
posKililc were desiined to pave die way lor great dcvclopmcuis in bioindi-' 
nology, when the invention ol' nchroinalic kiisei; providcdi tlse nuanis itir 
penetrating still further itito the domain of thiruyi invisitde to the naked eye. 
Of the four major brandie;, tif tnoderii biotechnology three whicii rest entirety 
on a foundation of these, early discoveries are sciemitic breeding, the control 
of mfectious or contagious tliseases, and the domes!ica.tion of inicio-ori'anisnis 
as creative agents (T chemiail processes. 

From tk social background of man’s cmiHcm aiti-mpt, to deal with tire 
inconvenience ofiaitij nmd, :',nd the acstumiilaimst oi'e/uv?a, a heap rif con¬ 
fused notions about tiie way in whicii Muall organv nr; me [noisagmcd hat! 
taken shape. The spiritual aitrilniies ol the '‘elllnvia” vdncii eshalcii from 
insanitary dumps were invoked to expliiin tin' '‘spontaneous genaanoti” of 
the innumerable visible aniraal'i wliicli breed imauig mr uvoury syrtoundijigs, 
As time passed, the spontaneous origin ol vdiicli me encouraged fiy 
inadequate simitation was accepted as :i coiollaty, Aliluiu;.'}! tt'.v simple 
microscope* led to the discovery of micio-iiiganissmt such ac. tlnwe which 
arc now known to be responsible for disease, their '.ignimaiwe as fut,!' itei; 
of man and domesticable animals ilid not lorne till higiicr ni.ig.niticauHu had 
encouraged closer study, WIeit immediately accompanied, atui in large 
measure resulted from, the use of the fuM tnicroMoptw was tlutt the diHiicine 
of spontaneous genenition was put to the test of tiirect cwpcjimcm, and 
found wanting. The decay of this super-,tition took jdace gradndiv, ;md its 
applicability to the micro-organisms w;is the centte ol' conituvcssy witen 
achromatic lenses first licanne available. Its immediate was to traiss- 
form the anthropomorphic conception of sexuality whiih the Kuiurui //brnry 
of Aristotle had bequeathed to medicine two thousand ye.ii;, cm her. 

According to recent re.search such as Maiinowski\ account of iltc Trobfiatul 
Islanders, some primitive cultures still f.iil to rectiimizc the es'.e(iii;u tdle of 
the male parent in reproduction, I'iie recognition ot'paternity ptolstbly arose 
as the result of domesticating the u.x and the ;ts;i. IVdigte;; bi'ce.hng, ,T ig. T,‘I) 
goes back to ancient Mesopotamian culuuv:., and bcloni';, to the ■ ainc sticial 
context_,as milking tk cow and sowing ccre;ils. Tile the list two, grafting 
of vines and fermentation are also hiotechiiical inventions v 4 'gre-st antiquity. 
Thenceforward the only important practical julvisncc in tltc suvnu* of brml- 
ing was the bulb industry which jtrew up in Holt.nni at tlit: end of the .six¬ 
teenth century, In the fourth millcimimn n.c, civilized man had pjasped that 
bodily intercourse beiwecji individuals resj'ci, lively tiistingnishLai as mule and 
female commonly precedes the production vT jomig. Ihat an c-'ScmuUy 
similar distinction can still k drawn ktween dilitrent individuals ol'NtHtcics 
which do not perlbrm an act <if copulaiiun, and that she nude jicrformi 
essentially the same part in the process was not rccog.ni/ed nil after ik 
seminal fluid had been subjected to microscopic scrutiny. 

* Bacteria were first figured its ItlSli by Lecuwcrtiioek, who ttttd simple hw# of 
t'm in preference to the imperfect oitapoiiiidl of .few 
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Aikotk-'s views mi t 'I'in.hi.iuui nuty Iv suinsiutii/wl in the following 
terms. Animals may be into those which j'lodnce young as the 

result ot 'V-vna! imeoorn ;■ itu! those which ate prinhits’d spontanemisly 
from mnd, s;md, warms or pl.int jiiices. In the tiist gmup those 

which pncluce eges Iwhii h m c, b.> iKiichnl inside fh'* body as in the vipers 
and certaiti ‘hates lO!-! '.h.ii!,.' ase distinguish‘d trom those which are truly 
"viviparous” like man m \ i.-.T-s mammals, ftv an egg Aristotle meaiiH some* 
ihim; visible to the eye an! i.mo- nr iv's renunisceiir of the hen's egg, which 
may k krtde m*- mte:: !;■ ,, sa.hng a-, sexuil inicrcourM: lias or has not 
taken place. The pn ’oi • ,,| uo.-jonnse, se.isoti.ii reprothictive habits, ovi- 
position, etc., ol .i i.Ui;' i; tv id oVi{sirous vertebrates, binls, reptiles, 
iishes-'-are faithl'.illy d- t-d m thr }}u>ri ( Amm.tlmm, '1 here are passage 



}'i(. VO, tOi l-iwt hniriftOOK iH Ihstosy 


Whar n jimhably Utc u, i,.;'- «: s f bian of pedijjrce feorjei b tl«« Meiopomate 
mfUti, drtimg tfum ntai.v .v, ; UejnK ihe hcgttinmg of our era, {'.loie icniliny 

will rrvfa} ilw univfrii d!-...! ’"n fi»r "tmsie y .‘* (I’romAhWmi 

Pan i, hy jH-rmiMio.’i ut i i .W,, ie utiiucd Preusd 

of surprising aecuniey in JhH.x V whet® Aristotle discovert) the reproductive 
phenomena of ik larger uu '-kca and molluscs. The following Ls a ssmpiej 

Among the maliKsisit-i. .s, tiw earsbi (cmkii lobsters) are impfegiutcd by 
sexual iniervowfsc and u-m.ii;'. their ova during three months, May, June 
and July. They «fterw;t‘.i-. :i.'pnsit them upon the hollow part of their folded 
tail and thdr ova grow hkr w.ijms. The same thing takes place In the makcla 
and ovipartHis flih, for rii -'.t ova always grow.... Tire mslada produce a 
white ovum after sexual oiS-nsoursc, . .. 'Otfi octopus deposits Its ov* in 
holes or pots or any other ludluw place, Tk ovum is like the btmehes of die 
wild vine aiul of ftw white popiar. .,. About fifty days afterwards the young 
polypi hurst the ei^s and tsupc like ptolaagia la great numbers. ,. , Tk 
cuttlefish alio deposits which resemble krfc, bhick myrdc seeds. They 
arc united togtite like a! um h of fruit tmd arc endoacd la a jubstaacc which 
prevents tkm from scpar-iimg readily. The nsalc tanits his ink upon them, 
'Die ova are produced in imeen days and when tk ova are produced they 
itmaia for fiftetm; days Imigef like tk tanafl swds of grapes tod when these 
arc mptuwl ik young sepwii cicspe from tk inside. If a person divides them 
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ilft'V liUt hf.i iii:i!urii'yt ihe U‘S''i:i!i f*u!ir thrir Irtei:!.’!!, ami vary 
inuilinii,!aiilturn iiaui wiiitrUHTiiwifliabmi, , . . ‘lliiUTthtamn-bitaihate' 
U|tiiu jlsi’ir (wa, wliiili au’ ['hi rti huiicaih )lir!!i, hii! ite ami i uUhii-.ii 

am! 'lull Ilia in.uluJi' hi nu {iicir uva 'ivh/u'vcr slicy umv h;.’ slirf!Ha!'.;d, . , . 
I'iU ll 1 * 'n yii'iiUiT'. HiiH M!i ill i iilllhi' h aial mi uImj with f!m tsWafiti'i, 

Auuui;* ihu'C asiiti;.!!') win. it int'.iU',;- in: au ihf iratlt ol''wKiul Vou- 
ra't, iIr" !mui Auht.ijMJu !i mwat-, v.jwM.iilv. laumv a '.iWial 

lu’ins: luntluT vKip.ti'dti'. ui rha unrc iiat ihvy hitili lo yamif, !ih* 

theiOM'hV'i, tuir tivijjann!.. Ah'Mh urrsir, iu !i;na iail-si tn ftat' ii,a!, jht; 
I'.nth to atnthijsg wliuh lu: u'uU rvio/itt/i' a-., t.it “cys:,*' 'i'iit;',: 

Mult! iitsivt'* ait* k'tliati fit'* fc’fMidr; atiil that iht* iiwh ti.ruuM tqani tip 
iVuuilf, Mini lilt' tiSiiiuv/i o' tinii M'm; ti ititi-Rinsr a* ’fa-ii rms’J anvj 
the ilillliuhv I’t :!i'm. Mi. f ..i tiamt st.'.hui* tluit Votti; '.atv '.uiU 

ui'trt ‘it’asiil utttiuHirsr. Al! thr Ismi. rttri't w-tn.' {wyahar jiuti-hlir’i asi.l 
iiuiilri) piiuiiu'-wtin'.f.ii i‘.e!n!-u| '1 tir.t*s ii'Ju"':tii.tnl‘asli.tat! e , . . v.hHi 
is fluid v.'irhiii iH'. th<‘ I'Uf.aj. I'H'M tit’* Wi-tni an aiutn st tt ptmlu r i l.ut tit>{ 
I'unti a portiott u! it, sr, t! tt var* ait ...Vitiu hut the '.'.ImIc ttud t rrumr’i 
ati aitiiul.itesl fttiimal. , , , 

Al! invrrit'braic aniuMk ulikh I'lmhut' olhpriiu; by v-hat n tmw .athd 
"exti'thal tcriiiiralion’* were intlirwil io l-e tliritisrJ by rt:!;rr,i< 

lion. Tlih was awutcil iti In* irnc oi all the inojiusci ',Jr4.Rya} narj.t iJiv 
ik;Ui{MIs tiibf, ul'stst anaiiom’s, of ^larii'-brs ami t-f sjHmstc;. 111 thrsp AtOi!«t'!s 

sjiy.t; 

The U-'.lmTa , . . i, ih.'t.niy rufifdilass wl.i. h r. mit Tepfo-har.! !»y .-p’ltu.tt 
iutmouf'.r, , , , 'ilu-puipiirar (fhe ?»ra slisg "f‘I'vrian r-utplr tnmc| v.'llru 
tojicflKT ill sprin}' auvi pi'iniiii,c wltul is talks*, thrir Siidautfniitl t-apsislei, . , , 
I'hrat rapMik'S !ia\H siiii!M,'r lipritiug for palntud'Ui smr air ibr puspiita!* plo' 
dntt'd fniiii tlitaii, but butit mtd other irM,!. r,i aii‘ pso.imc.i lloiut mud 
mid pmrcf'a.'fiiiu. . . . thi the vjin!),-; «!! tr’.inTa an* pjodmrd sj HtiMii'ssi’dy 
in iniiti, difl'crrut {■■iml'i orif'iiwtlnp, in ditlrrmf f.iud., tij niuit, . . . 

'{'ha! the nidanteuiai «...ipsu!i‘!i incniioiic,! ia flti^ jMS'.ayf* u'rre iiot rcaig* 
niml as cjii's is hardly suti’ii.ino, whoa wo rovall ila* faj that j^tsudlity was 
csclushely assuu.itvd with tiu: mt ol'a'lfimi oxiTp! in m* fk m the eba; 
;i!u!np,y of ik svsua! orr.ans it) ii'-lu". whkli irp!mim:e by cxtmml in- 
in'ital fertiliaauon lt:d tu ourat u<ndu'‘iinis about the way iit whkh tky 
R'prtHhiu-d. ,Siju;c tutuiy of the anitn.i!’, o! ilic oaie/ory kd inmtiwiiBSil, such 
as the snail, the f'armaic, and the oyster, arc bennaj'hnHjite, siteh moirii art: 
cxutsable. If is less easy to nmkr'tt.iiui the urntplcte dorcjtard Ibnlifi clue* 
which the tnnijsiraiive mcthml mi^ht have disvloscd m a pasMigc stjch m 
the jiillowhii:,: 

Some of (hem are produecd Jfotu similar mtitmih, ai phalingli lad Ijplricf# 
from phttian,s.;iu mid i.pdiiers. . . . (tiher* do not orkirwttf in irtittwil (jf ik 
same speiks, bui their produawn is sj^tmianrouK, for KWW of tficin spriui 
from the dew w-hich iaih. Irom jiifiH, , . , fiome origmaw te rottfn mud and 
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dimif. . , , [luueUHeii ate piudiit'ed iViiiii criterpitlms, and tluwe uri[:iriut:e in 
the leavr; ofpiven plains e'.peei.iilv ih" Uiaphaitiis whu h loiiie piTMiir; eiiU 
iumk or rai'liajpu 'I'he eiiiii'i oi'ii'iiiisie in iiMiiri.le, jiluead wonii'ij and the 
asiarities oiiujuatt: in the mud oi well!, iiutl iiitmim; Wiiteni tliat (low ovn' an 
eaifhy boUoiii. At !n-a tin: dtsayiny iuud iiLijtiii't;:, a v/liiic eolotir, whieh al'iei''’ 
'.vaidn i'foiiiu.": bfitb, and Imaiiy ml, . . . 

An even nime asronishiji;: iapsi- is .diirwii when An.iuik; lelie, on seeoiui" 
hand tc.timojiv oi il.e tspe whiih ti'.'d to lie at lept d as a In.is for anthrO” 
poioik'd dv eir.'.itiu h.ven ot tlr* nioiv fiuiihar ;:iou]'s of whit h hr; jir.t-liiind 
hisowlcdf’o was unialiv pciudiatiii::, he u.iikl writo sikdt luhbish as: 

(Most hsh oipjuaie iu uiud iiud ijittid. Iwen of tho'u* bind;, wliisdi miijinale iij 
sexual mtcuoui ..e .m>i onu some, they siiy, Irtw (ippeiins! iiotli in other uiiiwhy 
pbe.e't iiii‘1 iu iti.i e \u‘i!. h oui e Miiroiiiitied (.‘{iiilus which he. uuie thy under 
die mtiin me It!:d-i. nir. , . .‘IheiepjOilui'fiittH.t'iiiii'ei’iiuore'.vouderful 



.'! 11!.' aiid tt.itvte in t !rr.)i.i’-, IkfhJt s.bitti} 

ifwii thill of any other atnnut! imth iti auinbcr and rapidity, b'or a pfch'iiftni 
female wsis Irlt m a vrr.rl ot, .irn, anti after u short time the viissd was opened, 
and a luindu'.i and iwcntv iniic were Miuntcti, . , , fn a ccriain p.irl of Persw 
ihr temale hH*iui oi ilte min- are itintul to be p.re|,!n:inr iu the uterus of iheir 
parent. Some people my and lilfinn (liitt if they liek salt they heemne prcgiwnt 
tvitlioiit copulation. . , , 

Acconnla of sj’ioniiincotis generation continued to k credited until the 
beginning of the eighienith century. In tk rao.Hi notable of the English 
Hcrbals, as the works on hmmia! medicine were called, CJmrd (blSd) gives 
an illustration {Ei}^ karing the following ritadon; 

liui wkt our eves have scene t and hands have touciied we shall declare. 
1'hcrc is a small hlirnd in Lancitslure called die Pile of Eoutders, wherein arc 
loufui tfic lirokcn pieces of old and bruised ships, some whereof kve bcetK! 
cast tbidicf by tdiipwrackc, imd also the trunks and bodies with the branch® 
of old and ronett trees, cast up there likewise, whereon is ftiimd a cerotin spume 
or fntth tbs in time breedith unto certain shells, in shajie like those of the 
Musklc, but sbtpcr {Hunted, and of whitish colour, wherein is conuiincd a 
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tiiiiii.* in Inmii' lil.i* l.uc i>i ;ilK* luitiv v.nvni a', i! va’iv n'/rshar, 'if a v;hiti‘.!i 
cnlnm', (iiui ml whi’iciif r. the in .idc Hi ilu* ev.-n ;!•> ilsi* ti'.h 

oi OiMU'ft and iMtr.K'l:. :tu‘: iht* Hiiicf niJ s»niu.le imio fla; in-lly nf a Jiufc 
iiUi'.'-o ur luiiip. v.hhh )!< s-‘ tin* 'is.ip.' tti' a ilstii; ulnai ir v-. jvr- 

It'iiiy ImiiU'il i!ic ahi'l! jMjH'ih t.pri;, an.! sia- ia’.r ihitii- t’nat appaasTih ii lut' 
Imcaiul lacti O! ‘.inin;; la-.i i lant' (hi' !ri>s dis' hud Lai yn'; ;s;i4 a, it 
growelh paMta*.' it I'pnu-tii fia'; iii-il L\ ,, t-i .u ii-ii' '.ii it i. all i.nu'a hifth, 
aiu! Imiipdli ntifly hythclali: itciiait 'paM- i-t! i u » 'iiitih !>» !u!i inatiiiifii; 
«iui talk'th iiiln tilt- usi, whett* it K*'-k'-t.iii tiMtii ■!,. aa.i ri.iv.iak s,. .i t.tv.li' 
hijtKcr Uuma M.ilLtt.! anJ h*'iN tiitu a }.■.»>'/.• iM.iia; Li Lan-.i Lili *'[• iu-aL, 
ami kathcti. t*l;ukc ami whm*. •pHsm.i m v.!;h tsiim.i'! a, i. na Luaistc . . . 
Fur llif truth luTu't iuiuv i!>>uHr, umv ;l . r tS fi.s tri i, i-.;:; ■ uuM li.i', .tml ! 

bhall satislic thfiit by tlui t.;\Sim>'.iii:'i v.hi,-, .1; b*': i-. av. i 

rotfcii phiJiks wlii'rcwa litr U uu.i tlu’ ;• ’ini. ’ ;* ti-,/ tha !'i t.‘■ t . i 
up nil a Mtial! M.tii.i iufjuutMi!', I ama-.L.'ir, i;a!l;* i uuir iir-m ti..- laufl Lm.i, 
tailed ti.c hit' Hi FuiiL;<-i.. 1 1 .- v ’ ] .i.^u a .t '.‘u;. m W lu L .. t .'s. '1, iii,> 
{’iCfiC am* It'fiiU’d iti .Mtv aud jism*. lume i.« luis:-..'.- ui P’lti',-;. ai tla' 
month utter. Am! thm; liutim; !ti.< u/ii a"; t Ca a di- ‘’ui .'d a 

at large of tji.Mt".. ilfsL'., .siuiil' , tU'e> ami Mu, ..m.t i lU.t .• 

ul the eaitli, with o(h:rr!u!r*!m e, ii/tdUit M the in tuiu' th.-tv.', .'si.iii.i-- 
and em! uiir picMT.t Vulttme, \uth the. Wonder ut i t.,id,»:il. 1< i tt.-'* u.n.n 
(lod’h nuiiic he ever hoituiiied atid pruiul. 


It is even mute iihmituatinn to tmir the coiuosiotis tna.i" l-y thu-.c* vdiu 
attuckd the AtTdotcliun naditioit in pemu.d and cutreisi '’utrttmoqfhm,:'," 
in panicuhir. 'I'he trader tnay rreuli cltHjUPnt on liic 

VnlprluTtnu: 


Hut (iir luoitailrM tnemv unto ki!m’.iedj/p, ami flat wlii.h ImjI. done the 
jitraiciit cxctutioii upon truth, liuih lictn a pciemptoiy adliomn unt laufi.-r;:;.; 
mi more cipeually, tlir mitahh .!;i!!;4 ot' inir Velirt u; on i!tr dm Uie'. t>i .imi.pufv, 
For fils every tapui dy may oiv.ervr; iiwitinemo! a.'.r't pse*.rn?, v> iiUpi;-,tnr>‘.; .iv 
do hwk upon ages past, ilwt the authotitte-i oi the unr rmerd the n-aiont \>i dm 
Ollier, Whose person's indeed Lir reniused tiom uur timex, lunr works, wlm it 
seldom with us pass uniontrolkd, either hy ri.utemp.uaiiir., nr tmii-.rdiate 
.suct’Ciisors, ate now heuiinc iun nt the ds t.uirr **! ruviesi an,d the Satthn le- 
moved from present times, ate umn'ised to ajiiU'snli the neaief umo ittnh 
Itself. Now hereby metlnnks we ntamh-itly delude ouriiph’di, wad wiih'ly 'Waih 
outnftlwtiaikol'tiuih. 


The Sitinc wrifei’, while sittadtng mher atieptcsl lasci t}rsjMmtaiicam.s genera¬ 
tion, himself wrote; 

tioneerning the geiuiation ot hogs ue '.liufl htietly deliver tlut au,oimt 
which stbsetvatiiin hath taught Uo Hv Imgs I ui.deistand tiDt smh, 4s «ismg 
from putrelawtiou, are bred wiihfui ofiiLition and kvame they wthust not 
bug arc called temponifiuc {Ham fem/.-rMit,-.,’, fk »'o/wto*i/rngi, nor do t 
mean the iiitlc Irog ot «n execllem parrot Krcen that wsuallv m on tree* and 
busfuss, and is therefore called Rammeuiui viridts nhe rr« fr*!g!, but Iwreby 1 
understand the uijuatilc or water fn%', wbcrait we ittay fjcbohl many millitm* 
every spring in Fingimid. 
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.Sir Tlioma.H Krowiie way usually iu advance of lii,s time, Referring to 
the doubts tu; exprer.scd on behalf of Arisiotle’s story oi'ilm mouse, Alexander 
Ross roimdly upliraided liim thus; 

So may one tlouhr whetlier in cheese and limber wonm: are generated; or 
if beetles and wasps in Cow’s liim;':; or if biitlei Hies, locusts, gras'ihoppers, shelb 
iish, snails, eels and such like be pro, reaied of puiielied maner which is apt 
to receive the foian of that atsitmv to which it is by lormutive powers disposed. 
To question this is to question reason, sense and eKpeueua'. If lie doubt of 
this let him go to Fe.vpt, and there he will Imd the lields swatmifif; with mice, 
hegor of the mud of Mylus, to the givai ealamiiy of the inhabitaais, 

'I'le; baniacle havnd limiercsl on ibr more ili;in a aaiinry after the issue, 
of (lerard’s //, ikili. 'I'lias ( may Mcoi, Sir Roheri Moray, claimed to give the 
aivoimt oi'an eyc-v.ittt.-/. in a p.iper whuh was putdished in the 7V,wm'/;ef/v 
vf tht' Hawil .Vfs.'ifv. In if he de rdbes the barnade ;;he!ls washed up on tlie 
luaM of Scotian,}, and lelei > therein to tlie 

btilf lull iilf th.it I'f a goose, tlie eyes matleik the he.id, ucak, breast, wiiigi, 
t.iil and b'et louiiis!, the bMtbeis everywiwn* [lerfally sliajied and hlaekisli 
loliiiiieJ, and the feet lik.r tlioseof other water fo’.vl to my best lemeiilbiaiice. 

Less than lialf .a tenmry h-forc Harvey*;; treatise, appeared, Van Heimont, 
who occupies an lumoiiiaide pl.ice iu the history of science, lent his 
auihmitv to a time honoured lecipe lor making mice by putting a few grains 
of wheal or a piece of dice .e along with lamie dirty linen in a dosed recep- 
fade. Important landmarks in tin; overlhrow of the Aristotelian view 
were the olisej vat ions oi' two Italians in the ;,eventeen!h century, Kctii, a 
pl!Vsici.m -ind member id a learned laaiety istlling itsdl the Academy ti{ 
I’XjH'rience, imderimik a detiiilcd .slutiy of one of the most firmly accepted 
examples of spont.meom. getter,uiou, To test whether the worms wliidi are 
found in rotten ttieat re.tlly appear spontaneously, lie mlopted the simple 
exjx'dicm of covering the meat wiili jyiii/e. Fdies iiiiracted by the sindl laid 
their eggs on the gau/e ami hatdicd into Aristoteli;m "worms” without 
contact with the meatopposed to generate iliem, A little Liter Vitlisneri, a 
medical professor at I’adu.i. sln.iwcd that the gnsin; found in fruit and plant 
galls (like the marble g:iil or oak apples) are hatched from eggs dqfosircd by 
an insect kforc the Ifitit or the gall Inigins to develop. 

’fhe inllticiicc of the microscope on this change of outltwk was both 
direct ami indirect. In various ways it made it jxi;,siblc to recognize similaritb 
which arc nut accessible to the naked eye. Apart from size, the eggs of insects 
are ju.st as mtidi hkc the eggs of a hen, a shark or a lizard as arc the eggs of 
a crab or of an tKiopus, d he dticirinc owwm cx (nv whidi Harvey advanced 
in Ills last and {x>5tlumitm.s work tm the iktimiiion of Afimils was a natural 
corollary of the new habit of using a lens in liis researches, (atrebs observa¬ 
tion of small objects could now be brought to a new tribunal, and imsuspcacd 
new facts began to accnmulaw. Aristotle’s division of animals which begin 
life as worms, animals which Ircgin as eggs ami animals which arc conceived 
vivipa-tousiy was abandoned as direct observation traced the beginnings of all 
atiimals to a more or less spherical or ovoid body which has no external 
lesembtaa to tk,adult being. 
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SiiiUill.isKiHi'Jv .1 lituhi ui li-'lh v.u'. ']h\\ un the nnuis'e (st’veA hv uiic of 
ilic DU'sf i.uM.ifir.il'k' u! flse i jilv iniuo lOjU''?*., Lceuveuhod;, v.ho com- 
munuaifil Vtinoii'i uiMu'.eti/. ii> tie' hi‘',h'h Koaeie. 'i!ic:«,e ;iK 

utlleiicd ill his S!,h!\ I'f A.eVe.s j'Ui'h lu t'll'.i, 1 ci tiv.euuiv!!, v.ho was 
thf ii !,4 lo d.suilv liiititi ojistitiiju', V. le lir iu ( to ul' that the 
ol litiiiii.ii'. lit ills v.iiii iunitiS • ul'i.i'de "s ojpir. I ■, " the sfL-nHatoaK! 
orspeiiiis,vJiii!i,ncfarf.-o'so.!! i-' tv;r..its;, fhe“.'Uit'ou't>iJie precise 
{Mil wl.illi the ;|Mriu jity, in fin' msuiI {‘use,, \ni tsi lull,' 

UfUil thetsUiiiii;!ofadijoJiMiic L't. e i.tli-.i:ti'.e:'. oi >' ijii fo.-iia luinsethdy 
eiiLtiiUsl theitinai'tioii ci •cMi.sjlv, lih f'.u'i; ’ueti !,i,i Issii Uii'piaii 

:t'. a \isious usknirle-'S Irii-.l estuied ‘o Cr Mr,! t Ad let!’ w.t, awitse 










.\\'V ' -s' * 


vein 


, \Spct‘:ns 


till, - ticMAs Foi. a’wi .S;ikm 

’I'ite U(tiliil;i/e oS llii; rne i • It”’. th.M ’•'* Wiii.i w«.4 the sltjon '.hf-l-iv, .st*- -4;.rA;: 
(Iu-.M.ili'.'i isi'iLr ieii’-'.i !:”;vi 1 i 'S'riiH Meat » in f', * D’-. lUjss 

tin.* nsjekus. 


lhai this link! is not tRicssauiv iniushuai ifUit ihr ivttrtalivr lavititM of 
the Seituiks It itiay, tlu' itisfaitD', f'C -onisK' I o'.er she as they nstci^'Cj 
as ts dooe hy the male Ssojt. ‘llte u.tJiiioiuil eir.v .tilirnttfi! the liiMinctiati 
hetweeii malt: atul iemalr amoials v,iiSv!i do tais catty t<iit Kite fcnili/tttioit 
of the ere. by the btitmi-tl Ihih! as the se-ttlt isshly coRUct, when 

* AustSkiinii; tt' toK* ihe la a jnstltAst.! rMco;!;-.** lo u }fMi*k by 

JUiyKiirtis wSio, be .airs H'iita i» tlfri'itif; the 5'f!i,l4jly};)»lis, Jt Uio jj»*tiwiwnt 

in (he tii'tii.ii o- MrJtrs eviueh >*!'.(:•,t theo Hni'fo.o fr.ttj) the iffhnxi^v f>J tlw 
tefeotj'f nnv.’t.etis tsireaatr.s m a irOrt tUtiCiJ je.iit* m.a {l-jit )sf bjvi pjl ilcvt«r<:d 
blit aucHU'.-n t*' inim'iDiii; i-y ttl'5frV4i)tmi oj » nmstcnt 

ittlkil Hantusin'. at Ifrisetni'e, (bsinirtch atnjsistt’ulrk n\ lb? kefltfjii «f 

KtmnsiK, stilt! tli<* t- he :l!!(V};i!i’!e‘> h;„| h *mm Hm Uuygltew 

thin lnt(iri)jitfiitn estantlv ftunr j vsbsHtr inter writtgft « ysitr raflwit, 

fii'iim<h n.if {‘tsl'-h'hni isll ) f !ia i real ‘I he imtilew i!hittta«» lS« U«tt( »»«». 
lutioti hetiiiri'n ti.e itiij t-iSniii’!:! t*: the tiuuoSiS't^ ard the teehmAngy sd mniatitw, 
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thi'ir reptodtH-Uve orpatts ami titmiifia! ilttid leipectively eahihilCil an obvious 
siiiiitarily U> linv.v oi' tiear svlatiimii whieh iu.it:lisc ;t ivcoj'yi.Mhlc act of 
cciitioti. thi the uther iriihi, Aristotle I'KemptCii fsoiu any daiiii'i to seauahiy 
Ul} ilie immetiHs: I'.ttcy.my ol iiiaritic iaveiiebmici hit; tin; oyster, whieh lihwl 
ikir scmcti ami ova mio iiie ;,e,i without paivuMl |.io|'.i)u|uify and (h) the 
many /tciw.st/'/in-sk’e teiitstii.ii animals, Hke the emihworm and Miaii, which 
cmubiiic the piodiu.tiou o! semen anti eyes in imc iudividiial 

Wiilioist immi'diately piem;’. hiiih m a ciiiiss.i view of iMi.*nii;y Iweuwva-. 
lioek’s liistovery providtsl a luiw dijJri'iMiui tif sea, and at tmee prepared 
tlie wav for till* ivi'oy.rtitkiii oi univer.eil sexuality, llencciuiih miikmess is 
tiefuRsi as power !i> {Hisluee sprtm,. .Simuliaueoii.ly a-, a disss:i liMih 
ot' new miLrosiatpic oivvivaiiotr; on plant aniitoiny, iiieliiiiiny the pro- 
dit’iioti of {S'lleti, .\-!ieuuah dtew, wiuise, Anatimiy nf Plm; ww; tinally 
pnik'htd m bee', adv.iuod the tioetriiw that the stameir. ol'the llowvtiny 
P'lmi ate its male otyatr, lliat the jtisti! cmtvspotuls to it, Icinale parts 
d-'iip d'.Vi;, aiul tliitl I'olieii periinmed the xanie essential tuiieii.ui as semen. 
Thousth tiieiv n sonu* evidence that dustinp, the {Mstil with pollen had ken 
Dirtied out by vinc-prowcis in dynastic ktvpt, the duelriiie ol se.xnalitvon 
which she indiisinal poktite oi'modern seed production rests was a veriiahle 
i4:voht!io!i m tin* suentihe world of the cigluaTith ctiUtiry iu the Chris¬ 
tian era. 

{irew says that Jiir Thomas Miilinglott, another I'elltsw nf the Royal 
kckiy, had arrived iiidqKridently at the same coiidusioii. We have no 
iiifomiation (.onceuiing any cxperitneni'i they may have perfoniied to tost or 
arrive at their conchisiotts.They may htive been based on tukroscopic rccog" 
nifion that the dust of the ancient date husbandry was a jtrodiiclion essentially 
coimnon to ail llo'-vcriiig plams. A Uermau kitanist (kmmirius established 
the dtsclfiite oil a iirm footing ol'cspetimentalcvkktia'seilorih in his L tier 
mi the Sex 0/ }%m His experimems seem to have been itispired by 
tibservaiions on the halm of the mulkny tree which from time immemorial 
had bwn the basis of an itnpoitant iiuiusiry, since it is the food plant of the 
iiiulkrry moth ijlmnhyx mmi) whose cater{)i!!ar is the silkwontt, Ihe ftiul- 
beriy resembles the holly and the willow whu.se {Hillcn tlowcrs attvl seed (lowers 
occur on dillereuf trees, Wolf sumroariws the cxperimenis of (amerarius 
in tire fcillowing passage: 

Having oiwerved tlat a huitdscaring mulberry tree near wltieii tlicre was 
no poilcn-hcaring tree {lodineJ sterile seed vessels, he decided to investigate 
the subject experimentally. Ik cb<se lor tliis pm pose sucii common plant,s as 
dog’s mercury hiivitjg ikwcrs of diiferent sexes, Plimiing some of its rijsc seeds 
in soil, he stiw that they pro.iuced two kinds of plants which though similar 
in many ways dilkfed in this respe^rt, namely, dust some of them had stamens 
hut no .scedv of fruit, white tiie others bore fruit but did not have stamens, 
Wltcn he i;Kilaicd the fnutdicaritig plants from the pollen-producing plants,, 
then seed vessels still uf^jwared 01.1 the iormcr, hut they were sterile. He next 
extierimeated with plants itt which botli stamen-i mid pistils grow on the same 
plant, such as niab: mid Rimus (the tropicid plant from which cisnsr oil is 
dcfived). He found tliat wkn their stigmata were removed before the anthe,r» 
were Mly deydijpcd, tlien the seed vessels were always empty and sterile. 
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it V) iiiidu* Ui.iii .1 uiiiuuli’iu’i' ?!»• iliKHiiur tif M'stKsIiiv in plant:* tnuk 
shapi.* at 4 liui!' uh;*!i M’R'iiiita' nun v.on; fvajtnuii;’. !«> faLr an inittret in 
aipifuiiuU’, luniknliu!*', ami ini'.lutiJiy. ht iauilan! ciu'w'-. vank tniiundai 
with the iiilUHiiiUiiui ik tha lim! itiun-a ;.y<fs‘tii m’ n>t:!!i»in ut'funap^, pra'a;, 
dnvtT, iiiiil ivrcais, an uniu'. siuai 'asiR'ihiiai apckia's nt th;' .unkaiirntai 
it¥uliifi(»U ui the ‘R'vanttMiiii iauniiv, ‘inar Mtwh I’nujiac iurm-. to 

liiivt; Itfciinfhasy,‘.landiiij’, iti *. hiiia.! 'inm t fha Inn;; fariMti sn whidi lni;ah/cd 
li.ui iwii d;'plan'd !«v tlv.* piiraiit nS' iiiUn'iiaiiiml inide, 
s.c'k'tiLs.' had ik'U'inps'il a. an c* ‘.m!! ii’v tiitMts I'indn.!. auii isiaJkitu,' to v/hkli 


If 



I'ln, 'li;, taunila* ua i'a;. 

1 lip iul 'ihi'A< i*Jia:Al!W 4 M')! I .sI a’"r.‘!jn, ■; a'-R- 

licl'itft'a liatr l.-.iii ..Ji'* ! "ir 1. .i'; S a. a s!-k 

ihi' puitiii.ilii.r! ti,;> f'i iM’.kn .I'jiti'-ii MiMS.wiM 

hu'lopical fiiqiiirks inwj j-.iiuiiiy nnpdn vts? t'U tnan Jh:; 

'{htiU}',!i the I'aa u'.r. ttiUT i-i'nrraii/.'d, ',cja:,ihiy m ? Inn* wa-. nr.c n! tin; 
iMilifat vartv!’) 01 hu'd’.iiuity. linat wi tlis.: taoM nnjH'jtati! pLnt'. uhuli 
vniliacvi man laanicd to '.alua - titi* dit.-, the vn;,;, the mtslltrtry-- 
ptoduio .'(‘paiate siatnitmcruin* ami tntsnM.' Jkv.ct',. 'Ilsnfht.nan-., a poftl 
ui the I yu;u!n and Else nsmt idi'.n\i!vd !;r!!-.ih a oiaju ictit UmeU, dc-.udv^ 
the EicaUiieiiE (d date pstlni'. m the wmd.; 

^’tth date:. file inak's .diouki he iTutitdit t'« tlir I'm tlsr nwlrs fitike 

tile iniit and npeu. . , . Wlv.-n tiir n-ailc u nt tlnuet t!?fv af an 
nil the SjMtiir with liiir linwcr and ahaie t!,e iduinn. w$th tt<t atnl ilti'it 
over the ittiit ol the icniaic, and li it 1, tlm-, treated, n rctamv the liuii 4nd d(W* 
tiol SiliClf lt« 
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'I'hc fcriiliitini' power of the male catkiwi of the dale palni was familiar in 
Ihibylmi ai a much earlier time. It is res'rcseiiied liy a !i't‘i|ueni symbol on 
As'.iyfiuii nuHvumenis, and is i'ea:)rded by Hcrodorus. 'I'lie piaiaiee of ani- 
heiii! pollination in vine Imsbiindry is also ol'in'cat antiquity. Howowi', there 
was no recos'uiiion of the {’act tlnit ilie stamens tu' pollcn-prodiicinji; organs 
in any way lesemble tlie prni'talive onsins of the male animal—still less that 
the ilowers uf common plant!; are essentially hennaplu'od.ite idmclureSj as 
experiments like iiiO'V of (‘ametsirins established, 'I'he complete liiiliire of 
the prC'micio:;copic hi'ih:i!is»s to f;enernli/e tlie lesson of the tlate palm is well 
illmitfalcii by the winds t.f the ihine.cnth-century Arab pliysieian, Ka'/,wini: 

‘Phe date has a strilin!; reseiubkmee to man, tliioiij'h file lieauty of its erect 
and i.lviukn' {haiie, it; viivi'.inu info iv.o tsis, and the piopeny which is 
pmilia.r to it, oi bein;; Jvi nmiaus! by a ‘oit of iniiom 

The imponance of this step was iar iweater ih.an anyone could have fore- 
.seen. An immet!i;ire pmaical te-.iih was that it made sysiematie (.ssperimeiHs 
in plant hybridi/atmu po.'.ible. Hence it initiated a snecessioa of attempts 
wliieh iaiii the iinmdations of sueiiiilk; breeditijt of plants and animals. 

Its practical importaiue will be realised more iitliy when we liave surveyed 
the origins of tins imjantani dcparimeiit of modern biotediiiohtgy. Here it 
is sti!li(,‘icnt to remark tiiat u eomcmpor.nv of tlamcrartus dairas the honour 
iif king the iirst creator of u hortienltiiral product by ddihcrale inKriltcncc 
with tlie normal comse of reproduction. 

He was Thomas b'airchild (liHiT-nglb, who owned a nursery at Shore¬ 
ditch, and left a Mint of itimiey to the newly chartered Worshipful Comptiny 
of Ciitrdeners to proviile llu' an attnnal tliscoursc, Bradley, ihen I’rolbsnr 
of Bntaiiy in (liinibrkij'e, wrote in niH; 

The tairnation and fhn .Sweet William are in some resjicets alike, the Farina 
(i,C, pollen) of one will impregnate the other, and the seed, so enlivened, will 
produce tt plant ditferiup trom cithei, as may now he seen in the garden of 
Mr. 'fhomas F‘airv.hild, of Iluxmn, a plant neither Sweet William nor Tarna¬ 
tion inn resembling both equally, whieh was rai-.t-vi from ilie ;,et;d of a Tarna¬ 
tion tlwt had been impregnated by the F'atitia of the .Sweet William. 

A century iatcr the hybrid was still shown as bairdiild's Sweet William in 
Tnglisii gardens. 

While if is doubtful whether the cxpcriraciitf, of (dmerarins exerted any 
effect on linglish horticulture, it is fairly certain that the issue wa.s being I 

probed akut the same time in linghmd. I’or some years bdint Bradley I 

recorded this account (17 Is) of an achievement which might “produce such | 

rare Itinds of phini-s as have not yet been heard otV’ he himself had carried | 

out experintents essentially like those of (ainierarius to test vicw.s which had f 

ken raised tn discussions of the Royal ,Society by Robert Balle and by 
Samuel Morclandj who corannmicated a short paper in the Philosophical \ 

Trarmtiom of 1703. Bradley had “good fortune to bring it to demonsrra- i 

tion by ttcvcral atperiments since wltich a gentleman of Paris had printed i 

Horncthing of the same nature in ... the year 1711 and 1712.” | 

Moreland ackitowlcd|C6 priority to Dr, Grew as "the only author I can 
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find wlui hath ubservai that die l-arina . . . dnth i.unic way periiarni the 
oHice of'the maleperm.” He then huhmVi (u the ‘'liiMstii'iitiuns and irnMirr,'’ 
«f competent judi;e% and to further emumv iiy j'on.um; pmi'iC:,.'';’*.! ami skiiird 
in the use of “the IhM miaosatp;",'’ two tuuher d; tin: 

, . , are at first itk unitnpu’j'iiated ova of auiinab,," mul (iij ‘'tins iduina i:, a 
congeries of seminal plums our of irhich luu^t h uo;,\xrd iuao a ay ta unt 
before it can become prolilu.;,’’ The gist id' the paper is that wherever seed.s 
are formed arrungements coexist to ettsiirc liiat polhai is coikued on tTe 
stigma first. Moreland dws not state that he hail lartii-d mst the erm/ia! tea 
of showing that no seed is formed whcsi p-iilien i-. prevetsStvi from tloiu!; so. 
The importance tif the paper lies in the vivid way in vdm li if hear?, rv itimmsy 
to the inllucncc of the nticroscope atid new vivws ws the stanm:- ofseii in 
animals. 

Though we do not know v.hcikr (hew or M<!T.'*’.ittd c-.s;iblidns.} m-ir 
views by direct espeiiment, it is ikar tliat a|>eriiac{iti m {Kfibn^itiou wol- 
in progress in iingland ktween lti7i) atid 17 lo, attd iliat the issue was l)!ot.c,;ht 
forward several limes. 'I'hc ch'sc asMKiation of the Tcilnws with iiifnn} 
social movements in the early davn of she lutglish Kuyal So-, kty im ilhr, ■ 
trated by the title of ilradlcy's A'ctc of Vimu^ utii f iuMr. 

Fairchild cottmmnicuictl in the Piiikufhuol TrMhkUonf tj thr lla.d 
Society (17:M) results of gruiarig exjicrinienig, ■’designed," says /itkk, "to 
demonstrate the ascent of sap." Thoina* Knight, foutidcr of the 1 hniiutiturai 
Society, returns to the same thetue eighty years later. 

The cxirerimental study of hybridi/mion in plants is simpler tlwti the 
experimental stmly of hybridizatmu itt animals (sw Ojapfer .KXI.i and 
the material basis of sexuality in piaiita is easier in mogm/e. Hetae plmt 
hybridization htis laiil the foundations of what we now iusuw alrmi udietu - 
aiice in tmimals, I'lnouglmut she past liistory of mankind cJloits to imptnvt* 
planw and protluce them on a targe scale had ken alniwi exdusively 
cerned with vegetative propagation, either natural fe.g. the Ihtlch bulb 
industry) or artiiidai ferafting attd cimings/. After the iniitHhtrtimj of ert'p 
roCftion seed production became a priKVss of sif.idily nscrejMiig Si‘'>.J4l 
imporiance, I'hc part played by the p-idlcu m lixiug the chat at ter td' fiybml 
offspring, exhibited in the produuiou ol new varictir*- such asi Tioutus 
Fairchild's carnation, prepared the way fur closer study of heredity, dhe way 
in which normal pollimuion is aisuird by wind, jnsciS and mbet 
means was systematically studied by tite jimt hybridist Koelirtticr, w)m was 
director of the grand dual iKitaiiic garden at tiatlsruhc ui the middle of ila 
eighteenth ccniuiy. Hh work was followed t»y similar jtudiimv ii which the 
most noteworthy were KprengelN observations on the various armttgtmewi 
which aisurc ctoss pollination of the siatnens and piMih of ddlfiRW Howcri 
through the agency of inims. 


Tiffi MOMRN Vmv OF .VgSUAlfiy 

The material basis of {^ranhood in aoimah will be s«i feth in dkiail 
later, First let us briefly amtmt the mwicm vkw bwed on diwt tdmva* 
tion through the comjsound tnicmsco|^ with tlic Arrstmclum cbeirme which 
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v.a'. held in a uiott’ or Icf* modmi-d Imni ls>isi; aiirr tlj-.' uinw; ,:il i‘;:i:ai.;nce 
of sre m anim i!s atui pi mt', of vjMbk* diimctiMnii', had b.vn liunh t'.tabliihcd. 
AtTtutk's view was that soitu* aninuK ma piislm si * '.M!,!!ly, and that, wlim 
they iirr so piruduccd, thvir rv',ai(!bi;:!i(.v to iiiaii isaants is due iu the nutrient 
muinial ab-inlicd liy the egg or rsuba'..! ftoui fhv ".mioul lluid of the niiik* 
and a sttpposcdlv 'ioali'/auis liuhi ‘■lipiUud by ila’ iiaahi’i'. ‘ihe last was 



1-m, Six l.-i i'liiWiiUNO blA.Nl.s 


I'itif ficuic kiow lisowj tlicliiwj the pans ot»tyniwl llowcr will) a tompmiui inlcrwr 
livaiy MUiSuiiiiiii; iiiaiiy uviUcs nr mHuaturc seeds. It the stumens arc snipped otf tlie 
you)i}{ lltwsf r iH-fcre loifhen tnuif and set free the ptiHen, no senb sirill be fanned by 
pUmis kept under jjlitss to est iude itweds or wiad-blnwai pollen. Much castrated floors 
will ptwUivr nojiniil .sent, if {vuiku is dusted over the tiignut with a tine brush. When, 
ai abtv't, there are separate swnunafc and pistiilatc liovver*., the Jauer will not form 
tipc seed, unless there are pollmaie Stowers in the neighlmurlitmd. 

identified with the menstruum of iMtnmtils. In contmtlistinctioa to this the 
ffiodetn view is that the bodies of ail animals and plants ordinarily so described 
(as distinct liom miOTHJrganisms) arc built up of microscapic bricks called 
cells, and the essence of fcrtilistation lies in die fact iliat two sex cells (smeUf) 
produced, one {die sperm) by the male parent and one (the mm or cgg^cell) 
by the femaki parent,/we to^nher Wi(y, thereby initiating a process of division 
which leads to the production of a many-celled embryo. 

TTic pmete which is tailed the cgg-ctl] or ovum, produced by the parent 
called feaak when the sexes am separate, is always larger than the male 
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gamete, and contains more or less storage material. On account of this it may 
attain considerable dimensions before fertilization ensues, and is then equiva¬ 
lent to what Aristotle calls an egg or nidamental capsule. Ordinary flowers 
combine in one structure the pollen-producing organs (anthers) and egg- 
cell-containing organs (ovules). Anthers and ovules are sometimes borne in 
separate flowers on separate plants (e.g. date, spinach, willow, dog’s mercury, 
and holly) or in separate flowers of the same shoot (stinging-nettles, 
cucumbers). Similarly semen-producing organs (testes) and egg-producing 
organs (ovaries) in many groups of animals occur simultaneously (barnacles, 
eartliworms, snails) or successively (oyster, starfish, lamprey) in tlie same 

individual. . , i 

In some nnimnk such as snails, human beings, and birds, the seminal fluid 



Fig 396 ~A Moke Primitive Type op Flower than the One Shown in thh 
Previous Figure with Separate Ovaries, Each Containing a Singlh Ovule 

is introduced into the oviduct of the female and the egg is fertilized inside 
the female body. The male of many land animals has a special organ, the/)c«A, 
which is used to introduce the seminal fluid into the body of the female, The 
ftog and the fowl do not possess one. Many marine animals (e.g. oysters, 
starfishes, marine worms, sea anemones) shed both eggs and seminal fluid 
into the sea. There is no act of sexual union between the two parents them¬ 
selves. Hence the bodUy act which brings the semen into contact with the 
egg is less important to the naturalist than to the dramatist. It has therefore 
ceased to be regarded as the most characteristic feature of what biologists 
mean when they taUt about sex, 

Two links in this chain were by-products of the early microscopes. One 
was the discovery of the male sex cell or sperm, The other was a gradual acqui¬ 
sition. The word cell was first used by Hooke in his Micrographia to describe 
the resemblance of cork to a honeycomb, when highly magnified. Leeuwen¬ 
hoek also noticed that human blood is not a homogeneous fluid. It is a dense 
suspension of minute bodies, some colourless (white ojrpuscles), others 
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which are ovoid discs (red corpuscles) containing haemoplohin. Subsequent 
progress in the microscopic anatomy of animals was slow, because animal 
tissues are soft and yielding. Plant bodies (Fig. ;i98) are made up of tissues 
composed of bricks surrounded by a thin wall of cellulose which persists 
after death, so that even in dead tissue like corn the cellular structure is 
readily visible. On this account they can be easily sliced with a sharp razor 
into thin sections which are sufliciently translucent to expose their make-up 
when examined through the microscope. 

HOW ANIMAL BIOLOGY WAS SIDETRACKED 
That progress in the study of plant reproduction was closely linked with 
the practice of horticulture and agricultural seed production is beyond dis- 





Fig. :il)7.~-lbiLA'nvii Position op the Organs of Nitrogenous Excretion (Kidneys 
AND Bladder) and op Reproduction in Man 
O n the left, female j on the right, male. 


pute. Nor can we doubt the immense stimulus which the elucidation of repro¬ 
ductive phenomena in animals received from parallel enquiries conducted 
by botanists. The title of Purkinje’s treatise published in 18I19 On the am- 
logies in the structural elmmits in anintals and plants is eloquent testimony 
! to the debt wliich current knowledge of the material basis of inheritance in 
animals owes to the recognition of the cellular structure of the plant body. 
" It is equally emphasized by the scope of an important memoir published by 
Caspar Wolff in the closing years of the eighteenth century. 

The importance of Wolff’s work recalls an incident, whicli has been men- 
^ tioned in an earlier chapter. The brilliant lead of the early English physicists 
‘ during the latter half of the seventeenth century was sidetracked by the 
Continental doctrine of phlogiston wliich came to the rescue of Aristotelian 
chennstry. Contemporary with Flooke and Mayow, MalpigM had made 
correct observations on the hen’s egg, even describing the formation of the 
heart from an undifferentiated region of tissue, when classical erudition re- 
habimted the tenants of Aristotie’s spontaneous generation in the doctrine 
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of “preformation." A being complete in all its e-semiitb lay ctmccakvl ftinii 
view‘-^)i’ from the inagnilying power of itucn!‘.copes liten availabk>-in i!;e 
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Fia, 398.--CEttmAR STittKtrtJIllJ m* ^tlK FCOWWIXO l'hJNT,-rtM*i8AMMATtC Vfjtw J 
OF TUB MKatoscowo AHiHWMy of h km>{ # 

The young stem of a flowering ptat eoniiits of rhrrc main tbnjss nt grmipi of ; F 

(a) an, outer covering or spidmnh of liik'k’wnlled ceJIx with «n »mt«r Htiteutewd omi i ■ ■ 
protecting the undcrlyinji; tjs.iues IVyin evaptmuiyu lO; eeili wnuuMnn^ 

abundant iiuid and forming a paeWng {mm and fifhi ; k« nn^ of mmhf 
of conducting tissue amtitwou* with the “vcim'^of the Iraf, Pith vwcMkr hawiil ' 
contaim three main tissues; (aj the wiatd, wiwuamg itumiy of wtMh, t,>rts«Mi% 
elonped cells with spindly tlilcfecBcd walk, the p«ttttioiM wkre ikv iii 

joined end to end break down, and the cell substance dies, w tfoi Iwdkwr mb® or ftnlpA 
bore are formed, ruminifrom the Ktoti t«, the leaves; ff'i tk kwt, awiiijai latfeJf « 
of sim-ttikst elongated, dead conduaiui itlk wtth performed end#; {tj ■« (m kytfi- 
of thln-wiilJeti emmm cells, which lauiitpiy nt furns new wwd ««tht toide and ne w 
bast on tiieoutsldc. As the iteai leis older, the cambium rmy into up'io for® i ew.- 


mmpml conccatrsted in round cmpwfei' Wtelifi I 
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egg, or iiltcrntdivcly a-i ihe spcnniitiHis uripiod, in ilic ftpenn. 'llie alicraa- 
rive vit:w li:ul lepcfciinHsuii'; on the ccmui'y-uld controversy concerning the 
cnncepiioii of tlic Vii'j'jn 1 >y the lllwsai St. Amtc;. Hitiat theological ingenuity 



1‘iii, SimiirfuKi! tti'' inti AntMAt. Ilony 


to; tiiibc cut fri'm the sKm •'! the frog sittwing swcccssivc layers ttf cdls which mike 
4 up the outer sktu or epidennis, and«aimpl# pitdie ghtm! whose slimy acerfdem 
I keep* die surface moist, 

1 {h) liing membrane of the human windpipe; the «l!s have fine vibmiile «jt|^wths 
alM flf«, whuac swaying mtJtioR.leiqpi the amit film of pldep afCaktini.' :' 
'Ajic) Cktilip fami shoulder blade of frog, shewing cclli lying in « felittnaii raatrix 
whidiroeysecrete, 

« Teased out muscle hhrei fmm the htaaaii blidder, iiscli conwciile, fibre i* i 
swiglcelotmajd^wll, 

m 'fhree tow of white blood cells and n group of red blwid corpusdes from nmo^ 

had not as ytt wfoieved a settlement of the coaflictiiig tetters of the Dominicim 
and BeneicthK ssiools, the issue provided aiiiple scope for manly scndmicnt 
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have equipped themselves with a knowledge of current economics. If 
the sperm is the agency by which the manhood of the male parent 
passes to his son, the recognition of manhood in the sperm is inherent in 
the original definitions of the subject matter of embryology. To be sure tlie 
homunculus was difficult to see with the aid of lenses. What the lens could 
not do through the limitations of mere empiricism, logic supplemented in 
the illustrations to tlie text (Fig. 400) of Hartsocker and Dalenpatius. A 
century of phlogistonism intervenes between Hooke and Lavoisier, a century 
of preformationism between Malpighi and Wolff. 

Wolff’s microscopic studies showed (i) that the organs of a growing plant 
develop from uniform cellular regions at the tip ot the growing shoot or 




_J.| ill iw.iiiim- 


f vj 

Fig. '1U0.~Sfermatozoa as seen wrm toe Micitoscow' and wiin tiu! Eye or I'ahh 

A, Ih c, Leeuwenhoek from the dog (UWh). rf, Hartsoeker from man .showing the 
“homunculus” (10114). 0 , /, g, Francois Flantades (DalenpatiHS) Iroin man. e, intact, 
/and?, broken to show the “homunculi” From Dr. Dliarics hmgers Mm 
History of Biology ((Muni). 

root; (ii) that the parts of a flower arise from undifferentiated cells as do leaf 
buds; (iii) that the organs of the chick are gradually evolved from a mm 
of cellular tissue which is at first indistinguishable. 


COMING OF THE MODERN MICROSCOPE 

The introduction of achromatic lenses was immediately followed by ex¬ 
tensive researches into the details of development, notably the work of Von I 
Baer on the rabbit and other mammals. Its firstfruits were an immense 
rapid increase in knowledge about reproduction in plants, Between 1821 aa4;‘’ 
1830 Amid, an Italian physidst who was foremost in the imptoveme^^ 
of microscopic construction as inventor of the “immersion” leits, 
recorded the way in which the poUen gram germinates on the stigma, 




making its way into an ovule. In 1846, when the new cell doctrine was 
already established, he described the single egg cell in the "embryo sac^ of 
the ovule. The importance of this observation, which is fimdamffltttal for the 
theory and practice of modem hybridisation, extends far beyond the r^ro- 
duction of flowering plants, It may well be doubted whether the natufe of 
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SEX IN Tlili I.OWEK EEANIS 

I'heru are three ways in whielt piantn reiundiice. Twn !'i'itu,-se ::n.' 
to plants and animals. One is i.e. by a grrnvifi ur Ivud. from fhv: 

body of the plant or animal. 'I'lie bod I'rad.ually may assume die Ihnn of rim 
full-grown organi.sm beime or alier it is dejadu'd to form a new atid 
one, Runners of strawberries bulbs nt (liUiidibi, nidt'-Nifula, of irises, {ub<-ri 
of potatoes are familiar examines of a also i,s.!m!!on among mariite 
sedentary animals which f nm eohmies, ,'s do ronds, msi !o.,i!s,, asui sea sjiut ri. 



I'lG. 'toa.. Am;m:al hi PHowa non m sm. i-i;’s 

Leaf of fern, The !>niall round obicets i4i tlu' luuhr ■mf' *>f the Ir^s an- tine cfi t n 
of the groDM of sparanguii sho-.m 5t!''re dcarh in /#. vvhivii it a ih'i och :hf i.- 
magnified, C, group of spytangiii cui ihtungii ihe middlf, 



Some organisms wlum cut into pieces regenerate the tniaing *«! 
each part. Worms and sea anemones Komelimes dtt thix and phtnis can he 
propagated by artificial vegetative repwductiwi, as in the pr»dke0f‘*'iu«in|!%’' 
and gi'afts, a*: 

In contradistinction to sexual rqimduaicm and vegetative sqpnoduaioA 
common to plants and animals, must! rcprodueiion by hoc like ifee 
dust of the puffball or of mildew, and tk line powder which oui be akfam 
from the underside of the fern kti‘ ur along tk edge# of the letflm of the 
brackeoj is peculiar to plants. 'IiUthc iniroduaion of the compouad mkret- 
scope, spore production was the only form of nrproducfkm toowa to eafat 
in the non-flowering plants, beni spores arc singk odl*. Each is»inliittie 
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Kphericiil hcidy (big. pi’oduccd in small siall'.it! capsules which are 
uttachcil tti a liort of ctisliiun or pad mi the uiuk-r i.iirfaa; of the leaves. These 
puds are protected by the tolded edfy; of ilie leatkas or l)y a sort of umbrella 
whicli is of yellowish brown loluur. 

It is easy to cut a sciiiun of the fern leaf with a safety razor blade if it is 
pressed between twsi pieivs urpitii ur the soli .stem of u f.enmiiim, If the 



I m. to,'!,- .Suiwi. Ui!i'Hf,inecru).s* or itiii biiHN 


sixtlon is mounted on a glass slide in a drop of water and osmined under a 
Eploosoopc, the leaf itself is seen to be made up of distinct layers of separate 
kicks, or cdlf. The cells of each layer have characfcri.stic features in virtue 
of which they ire spoken of as forming distinct “tissues.” The sjwrc capsule 
and its cuahion are also made up of separate cells, the walls of the former 
being fist and thin, When it is young and not fully formed, the spore capsule 
is a mm of similar ceils; from one of the inner mass of oehs each spore is 
formed. When folly formed it has a thick woody coat, but remain undivided 
until the spore capsule lupturea and sets it Ircc, when npc. 

Blown by the wind, k amy settle on damp earth. It tfaai germinates. That 





836 Science Jor the Citizen 

is to say, it dividi'S lepeaiedly ii> itirni a Hat plaie fit" cells wljicli is green 
and heart-sliapeii, riifliijr like a livemmi (m-i* I'l*.',. tiH) wlsicli clings tu wet 
rocks or damp walls. Tim; laiia!! prceii plant, the fern pr^^ikiHus ([■jp.’lt.tli), 

f!x)idc oPtIui ImruvrC . 

!t:enai:'jvivj:U:i ; V;;:,.;' 
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Ai,i.tKD 10 nib MafflBs ANK I'oiiNu {jHimisfi m Miijif ^uu .« ftoaa sv Si«am» 

■ 'Li¬ 
lias no separate shoot, Icava, or root-stocl; lite Hbe fearthlar spore»^bwiii| 
form. Apart from the fact that wme alls, on the fcwet sMteHtooi httry*" 
ara dawn out into fine tul» which penetrate the tiim lA k 'his no &- 
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cells tit ihis muss hecorut; spirally aiilcil and Iheir end:; l)ct:i>me cijuippcd 
with vibratile fdamenls or cilk by which they can swim about when the wall 
of the testis burets. Imriiicr Ibrward on the undermtirfacc of the protiiallus 
are projections Ibrmevl l>y an open hollow column of cells like the neck of a 

iKJttle. 'Iliesc iire the ovaries-hotanists ctdl them .each of which 

contains a large rmmt! cell-'-the egg cell or ovum—at the bottom of the cavity 
into which the milice of the neck ieatis. 'i'he motile ciliated cells or spiwis 
set free when the testes burst swim to the oviiries, and make their way down 


r \ * 


:il ni;m m SpumrA 


..'tfiiiv': 


* '' *. 

pi I ii>) (c) 

I’ta, 4tf.‘i,,-p«Mmvfc HbSiwLiw ih a Fwsmwaw Garra'A ioa 


11» ttireo &mn li.udti iirar the edge of iftpitK pmds comrafltiiy .s imiale 
of iait fhrc»4 iun (itukcmmgh to be visiWe m the nsW eye. IfatcMtli the miaoiuspt* 
they stre itsualiy fotind to of hnsg tsllswrwfed in unglc file. A aimmou ;i 5 >fMc« 

of tlun tyj^f of plsjit hfe ts tJtc }.;r«n lip olM Sphniytt on acoaint ni the BpJfslly 
eoilcil iiofiimi ot tell iut-naiwc whkirtti>lMt) cljw|d with freen piaiiient. When the 
water is dryiiif? up. .ulMient Sikmcfits often lend out fine tubes which fuw fa, k., ?<» 
that the nwtrdpaf .nwcias of«, cell cl«» Stenent can p.s» over mtl onite willi 
thoM of another, 'the Irtidurd cell fornwd by ihlii undifferentiated scsuiiiiy WKOundi 
ttecif with » tciistant mcnlsrine 'fe). It m survive ironght, ind in ftvourabk »ft» 
ditimti divida lutec.i'.ivciy lengthwise' to forro a mw fitaaentmis plant. In seme idpc 
t mmifc dtteed pmetc nr s)w« ii dwinatiilibig frota i wm-inonle larger e||; cell. 
iMpBSctciaw run valbiy dWna i« Splmpfft, ' , 


the aedE. Oae ikI. «ily one of the miBy which «twimmini nar the suffice, 
to i)od%''idtb'tte «gg''ai. g ■ ^ 

■ ■ The (mi£»'is...ihea nid tt;l»/«rhW mod. ifida'ate; iwo„llke 1 iporc. 
Eicb'dtti^ter «ll 'ito' mio j mw'of'dlli, or 

emhifyo whitli^'.cbes.' not I'.protMw. Itiooit'.deyiop® in npipwing 

'.I .■■ »' f .*.* t ■ .♦%■■*' .a* 
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dt'oiif'hl, and liic; lefjs asn'.ptuii.i!-,, iiana* ‘.esnai inaaliallu': which 

pimiucca u!h! ' pcrin. t!*. tyi'n and '.pcuas iiweaiidc tlsoci? af a lunnan 
iic'ing or an oyater fiiuri! ciuscly rh.in ilic cc;', and ‘farms ih'u shrimp raijCiiiljk' 
those of a i»ird. Hnice it in tint diiiiculf m a- iH/'.* htiw nniwinp hnovviedni; of 
the rejtnsductioa of tlie Inucr plants sthmdatf'd t!ie study itf mprihlndwii 
in the lower itniinah atul providnl ihe clue to new icaitncs oi' the sexual 
process in the higher oties. 

Sexttal reproduction in the true inosiLW (as fljtpcr:.!',! lo the dub mosses 
which are really like I'ertis) and hvciworir. is very much li'rc tliat of I'erits, 
I'iiere are two gcneratkms—a sestiul itnil an aseKital. 'Flic inf'.u't..itir liifil'miite 
is that what we ordinarily call the mm. plar.i, or tire liverwort is the cesna! 
genmtlkm, 1'hc asejuia! plimt wliich pmdiu c. ir, 'fom- >, while sfill remaiuing 
more w less completely pamsiiic on the ■.ry.!':! I’.furmsion mid still atiaclu'd 
to it, like the yovinit iern plant itt lug, 4o;t, txvcr prows true hsives. It dies 
after prodiiiing fipoKS in a slifjc c.ij” nlv at the end o4 a rdiomt, wnilc 
the sesuai plant lives on. ’list’ hsly 0 ! the hvetewtts hiund rtn wv! walls end 
rocks by streatris has iw disiimt ie.ivos and is indeed very mi-clt lik that of 
the sexual fern plant or prothallus-'-a Hat plate of tells ‘■eveml layers thick 
with rwH hairs on the iindciside |}*ig. dnfj. The ovariiw .and tesi'.*', pm.hu.ed 
on the upper siirhice are in other ways as muds like those of one iern as 
those of one fern are like ttwse of atiother, and the sjiermato.’jsa arc nmtih* 
with two long vihraiile {ilameuls or cilia, 'fhe underlying rfscnibiuttcc of 
rcproduiiion in llowciitig and nondlowcring pkmtv will k dkitiwil later. 


mmt rn’ROimcfioN 

The material teis of ilsc reproductive procos in aniimil's m wc now ktsow 
it has been advanced gwlly by ilsc invention of #n irnttme^ttst callrd the 
mmimie, On a sirialkr scale a microtome is ey>ci«ia!ly like she madhtic 
used in tsi.rge gresary stores for cutting rashers of bacon. Anintal tmiici arc 
lenerally w soft to te cut by fiaud inm mtitjttt of suitable thklbscis for 
wkwcopic study, 'Fhcy are !bi killed by treatment with a *'jixativc’* 
mixture, c.g. a siswratctl sohition of picric add and formalin. This preserva 
the appeama seen in life witltout niinb slirinkiigc, They arc then embedded 
In wax. I'o.do this the water isiaken out of pmal! pkrets of tixed tissue by 
suctwivc immersion in akohol, which itydf freely mi.xcs wit.h .wax solvents 
like bcniene nr chloroform, 'fhey are tliai put into i wax wlvctit, «nd ikme 
iransferral to Ikjtiid paraffifi wax kepu jnst alxwt its fflclttng {mint. 

When the wax block c»ntai.niiig iltc ti.ssiie is cut on the mkromisc, sue-. 
ccssivc sections adhere to fonn 8 riblxm, m that the order of iIk miioni is 
preserved, By means of &t phtstidne or Imwis an.HleIi of a whwk» of 
ustioas oft small .organ or ammal, « «)mpletesoli.d pictuic can tka be built 
up, if required,. Thae.wK ribbons pttMluectl by tk .mlcroionie m Muck on 
8 gliss slide, by a little cggwliitc which owplato when wirffied.. The wis i#' 
away with s wix plvcm (like, djloroform or bctiMte), and 
tte glass slides are sained with dy« wfildb affect .ditfecni risaue* or parts 
rfi stigle cell to a different «et!L Tlte mtlooa, i!t,,li»iiy i,m»a»d in a 
mixture ollfid CuMda Baljum whidt Kti hard, has ..the I 4 « re&acdre ix»d« 
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as glnr.ii iind'-if the water has bceti entirely witlidrawii by tlipping the slides 
in abdiuU-nuikes (lie ti-ana's translucent, juMt as grease inaks ordinary 

pajuT !t:)!!‘iii,!a‘ar, 



I'm. oiij.-1'K.iMitiw, SrxtiAim' in .a Himpui .['tm(i.us 


T!« aimplc fungi ailed roi,tsdt.ti o« old cheese,Jsread Or lam »re fitoments like the simple 
alpe. St,iraMim« rhe bnmehing litawms which fomi a mat on the surface of deayiai 
tfegeabfc fflaiter m in unimsl tissiici (lite tingw'onn) ire divided taro sepimte relli 
like thtue of Spirogpa. fH:)wetimcs they co«».m trasy nuclei with i» icMratifli all 
Wilis. II1C csscnfiitl dilferenw ktween #!gae »nd fungi i.s tkt the Isiter nave ao pig* 
mcm« which ciwlile them to make srifchj.and arc only able to cs.H(t by uiing decaying 
. (’rgnnic matter nr by pirasitk: tobiis. They reproduce miinly by fomitai wxuat 
dfourf»{*)Mtttin| »porc« which »k slB|tlc ceil, to' iddiiion like the tlpe tlwy have a 
primitive type of sexaatity, as' ihewn in foil fiKure which illustrates iK' microscopic 
picture of fcprtal'»i.ct:k»n m the mould ailed Mucor which, grows on dry bread. 

,It will darfy the preient iiiw of teowlcdge about thfi'mtarM. bass 
parenthood ia ftniails, if wc base foe ei!isiii,tig account mainly on one common 
speda, foe frog., whose reproductiw ptocasa ire" easy to cxamme. .The 





















femitle frog slilllTS from tlie male, iK'iitj' i.irjv? rh.in it, .du! having 

no homy pad ac the base of the thuinli. At the iiKv.iiiig m'miu, in .Spring, 
frogs may be found in ponds and stroams in pait-. A ioak' tightly tlasps 
a female about the tody by the litfe-limlss, widi lii., vemrol unUa: in votttui t 
with her back. Thus they renniin, til! the e,H;s .no ;.htd in pii';*! mmiKns 
embedded in masses of clear jelly, whiJs m iv h\ ‘.ren slo.t'lsu’ on the sutike 
of the water. Each egg is almo't completely Nph-.-ii, .d, M.n I in tolour lowurds 
the pole which floats upjx-romst, and lighter in !U'.iib., A< she rgCN are laid 
the male stjuirts a viscid stream, the semiiul lithd, roer tlx sint.i.e of tiie egg, 
If the seminal fluid is examiiied with a ma tosuspe, it i'- ''eeu to '.waim vs nit 
myriads of minute moving spi-rois. With vci v hi.’h m.igjtin!. tuoit each sperjit 
is seen t«) be somewhat hh: a lavlpofe in havmy a .loat, thfiler }»«|y 



Im.. •{•',* 'I-jiujit/Ani’S n< m 


Rat'll tgg is 'iuroujiulnl !>v ^gcrtti'. .itiraa-n t.> o t.v m Mjt'-ifjtu t It n 
the ttiiRT, {lit ihr K'tr las'- r upguwI'ldg llir fj-ig ur.t.h '.rrsU* >.in « tnue 
pwt(iph<’'!ti t" Wtene n Uu liic jiym, » ciio-tnl smU 4 tJart ttifiitmaOT' u 

sepaiiiiiiig I'fciti the siiihict,- lit flii' etat. t.fpittj; tl.i- I'thfi sj^niM viijf, 

with a thiti whijidike fail or i ilium ti-ig. loto. ’Ihe sjiefm Jiitljef am! 
thither by it;, lasiting movemciiis. It the inale is taken away inmt tlw lemale 
before the eggs me laid, mtd the latter retnoved irossi ilte Ktvty tif the irtotlw, 
the eggs wilt jKif develop into udjvoics. Hut li tlrcx cgj;s arc plitcciil w a 
iwwl of water in which some semtted fluid nhtamed frotn a ntak u udded, 
they Ix'come upahlc o! developing, .Sctiiinal flunl from which the sprrav 
have Ix'cn liltcrcd off through several layers of blutting pajicr das not 
possess this ienilmng power. 

In 1H79 two German mvesrigators, Hertwjg and hoi, fiw ofwvi!^ the 
process of animal fcrtilUation under the micro'Hi.ipe, I’facy were aWc to sec ‘ 
that one sperm, and otic only, bores its way into the egg of a unclfla^ »s 
the preliminary to its development into a sew otianism (Eig, 4<tT), Wc m>w \ 

■ know this to lx true of all animals tkt reproduce sentudly. l)evdkf iwni df 
the egg starts when one of the isnumembk minute sjxitw wotaised is the 
semi^ fluid ejaculated by fltc mak pcoetfato mto tk subiaocc of ik 
Fmilimmt the pnxm hy which tk egg itarts to develop imo i sew " 
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croaiairc, is, m .ill animais, the union of one siicrm with one egg, All that 
wc now mean by iiihetitanee from tlie father is the ttuitcrial substance of 
the sperm. All that we mcim Ivy inheritance from tlic mother i.s tlie material 
of which the i\gg is cumjnv.ed. 

As we now use the. unms, an imimal that produces eggs is nfmiak An 
animal th.st prodma:'. sjatm is a timk The cg|.'s are produetd in masses, 
which am imIKsI ft.’smVf, within the body of the female, The sperm arc pro- 
iliiccvl m a .slimy scirctimi, the seminal fluid, by orgaus known as tales 
(I'ii'S. 3117 ami (A!!s\;tivdy ovaries ami testes arc referred to m^mds. 
In the female frog the ovaries occtipy a large part of the kidy cavity in the 



Em. iVmuii or RxtmioM and or Kmunnnaitm in rift' teb 

tisw m Ventrai. Vikw 


{'lilt poiiutm of ik left ovftry ii iRdlcaid in diwitag swly.l 

trunk region. 'I'bcy arc masses of eggs in different stages of growth. Two 
coiled wfiitc tubes (tfrikfj) convey them to the exterior at the breeding 
season. With the excretory orifka the oviducts discharge into a short tube, 
the cloaca, between the kgs. In the male there arc tw-o yellow or white bodies 
of diip^idal sbaj>e““>thc (oito-lying over the kidneys and cmMumjcatlng 
with ik exterior by the same duct or passage which ronveys the urine to tk 
common estaetory orike (i’ig, fW). At the breeding season) when the eggs 
in the ovarki am ri{5c, they can be fertilized after removal &om tk body. 
If kept in don water they will not develop, unlM a drop of geminal fluii 
whkh can be prepared by crushing up the testis of a male in tap water, is 
added, 

'ITie sfmui of nearly all animals are very much alifcs and am always of 
microscopic diimtBsions. Egp on the otkr band vary greedy at the time 
of fertihaition. e^ of an ostrkh wciglw set'cml pounds. In the human 
female an egg about lil‘ tk sk of a full stop as printed on this page is 






ill (he iiiliy !bnni.‘ii vti v ymii!!; fjuri! liic ovsis v aiiiupil'; 

arc ri'in.sruaJilv aiiki;, 

'ilia li’.ii.tli' lin", 1,1.!i,'! !■>'I'U'c; ill uv a i! ai |a!K', aiiain'aiii', 
raiiiia.lihiiiiKMI'lf ii i'lu!’’.anil ii' hm cMaiviad !i. ihr ihatniihiri. 

They hi'.e ii'i Tali. ,''i) ’.r mu Miilv ulii! iulT'.v. hiiiliMiidn laoic im ily 
ill till* h.!", i!uu in till ti’iausl a;;.;, aia [iiutLiUal by an ()|',kiiK' 
ciivt'lope ur d.’vaiii,! tn a laa a ii'C iii iiic bulv T tin* iiMihcr. Tm-c lin' 
apmu h'i‘. lu.uia it > v.,ii, niin ihc ("'i' u , h.in' • u< aia. in u, (luiyimns! la',a'. 
Nil t'l'hn ‘.farm i.iii taia.' |' aili.i'' if, !m b • 'aa luilun’', it,'’ ,tn 4 tliai d 
'mnu* hnacr jiiaiitt iiii. liina'a r, (M.tlv iris V. i\ '.iiti iiiamltjaiu' i', jr-mr 
diu!i,'!y jim.lniC.i MT' b*'.') Aiiin'i li. i ■ aiu! ,i hai! inms aiaai 
a Uu'i.tva iii’p.!! (01! the ’tiiil a * ni th" ima,’. val" li In iimi two. '1 he 
aapat-iiiim tj uinij’i'!(' .Tim! jniii liduti .duai haitilnariori, 'ill*' iwo Irilvr*,, 
vahich asv lallaJ i .'A, .h .i* f “'pa!,!!!- fi -iMie m palate Inca their mvii, 
I'licy jctuaiai i-in: a* i.. 1 . lul ihvid a 'aiii ! !u- pio,is. j‘, icpr'iati a'’,uii anti 
ayaiii until* wiihm twaii'’, imit hinij» atter li'ilili/tium, thr iTu.k ii'i', aa 
can bn liiHinii liy ican with < Miaj'!" Inia* is a Imllinv icil! oi m.my an, h cells 
fi‘ig. *n<b, '1 licncch’iiii ‘ li ut"i‘s fal.c piicc in tlu: wm uftiitihipli' ition o! tlra 
a'lb. m ililiruiu i.itmns i jum liiltl'icnf itKiups oi rclK ih*‘vanmts duraf- 
ri.’i'iN!ic 1 tnuttiu . ti! om,,(!!'< ol the bittly hcimi to lu'.c shape. 

’i'lie iki.iT. «'! lit vcTpmf’itf vaiy iC’iisnirraMy in dilieuaii animals. I ;'i',s 
with a liritc anmum ol luo*! stousi lu tliem .fu imi divide as a wiio!!;. The 
iowi's ei'“, !i an Ai; t t!i: sperm nii I’ln ha; imitssj with the iiv_; 

riiidetis, which hfs in tile dwr urciiiar iircii tni the side ulThe V'lk ni an 
iitSstnir i'p!’, the tniuh-infsi juiileus iliviiks in tk iisiial way* Inii only 
a '.fiMl! I'.nf n| vi‘.' hnUN vo'k is {'".ililmindoif u-mi.hMdi ed! TT;. ■!! i). So 
tin; enihiyo is .lE In a ‘ ‘u li! p] iie u! cells Iviti' on di.’ stiihice of the leniiin- 
iiit- U'lh .md i.iowinp, .u its i".|K';ive. 'Ik d»i!n'''*tie lind lac. r;;-’-, m di linife 
iiifcrvals-dii in;;ii Mj.mi-. iilie the Whii-’ i.e"lima ahm: !v,v!i!y''i> 
IstiULu 'i 1st; me d pn if*s! wlt!ifnt the) an; iniiii/eil oi jiut, 

i!!i tni.mm; mms im-i'm nn; uviNi; tmtiv 

'i tie u-ils nt tk it.',: c'ul r;,i> are all very innch .ilihe ;t* ht .i and riMcnitblc 
:s very wrmii t';;p Js.-m fi;e m. uy. ’i'lif edh of dilTtviif pari', of fht; hmly in 
the t.itipulc' nr iidn!-; for.: sie imt all alikt: ni si/.e ur sliap.e, 'I hey .ill nwnnbie 
ttm; ajiuflier in pi' •.csim; a s'juvtatc Imnwii as the mi,kus^ wT.ich is very 
piimmimi as a dvar sph- -riei! hnJy in the imtriaturc epps. \'i'iien cdi,s diviiie, 
the nndcus tiividr in a very iharacicT'stic way. 

Mitroserpic; hfcti-ni'-. iT the testis show that* like udier ury.ans nf the body, it 
is uiniposcd oiTells. Its u'lhi are t'mstnmiy dividing to ptovide new sperm, 
}',ich sperm K li'‘tnird irmu a sitselc W'll of the testis, the lavd or iliich 
portion of tire s|H‘nn Ititiit the intekus. In a .similar way, e,it!;s arc produced 
hy ceil division in the ov.wv. When the sperm penetrates the epij, the Uii! 
or litpelhtm is either dou diGl off tir absorbed, 'i’he body or nuckih 
‘.wells up iii'.d unites with the rntdetts of die eitg in prcparadoti for the first 
“iiegmentiition*’ divisiott iVip. 4o!) and ‘11*0. 

Like the testis or ovary, the substance of all the organs of the imiaial 
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body is also built up of uiicroscopic bricl,*; called cd!*:i (I'k-. {» tionic 

tissues like bone and cartiiaj'c the luicks are separafed by a puod iteal of 
plaster, or to use the teclinical terms,, maim. Cti!i!‘rM, such a.s t!ie tfuklU or 
lining mcrabrimes of all siirliiees, imernal or csawnal, imluding tiie uibular 
ciivities of tlic glands, consist simply tdcelb packcii cfesely tugetlier. Aishomds 
the cells of different tissues aetiuire dili'erent shapes isnd ‘.iec:, as tlie iic'veluii - 
meiit of the frog’s egg proceeds, they ail ariiit* by ilivisioti of the unditfcren- 
tiated cells in the hollow ball stage. I'he prtjce'.s of ceil ilivirdinr involves tfie 
partition of the nucleus in the same eliawcterisfic mamter, de » rib,‘d tinder 
the term mitim i;mk mf’ni). It:; detailed {t’.!iure.s were not delilv-J nil high- 
power miemscopci begati to he used, 

I’o recogni/,e die debt which preicmt knowledge of repwdnttiiif} in animal'i 
owes to the progress of biitimical stuvlies more directiv related to the social 
needs of tlie time, it is only fiecesiiary to nasiil a tew td’ flte steps which led 
to the di:it:ms.!ry made by llertwtg and Im! in I'Mtt. Altliuupls I.ewiwenhoek 
had believei! that the sperm impregnates the egg, ami NuimiMs laid htn 
helped by its discovery to the reetigiiifion m se^ m plants, prevailing ttpinion 
in the early year:, of the aitieteciith cenimy had h-en swung over by new 
discoveries of indejHmdcnt inicro-orgiihsms to ifit* klief that the s|h?u« is 
a parasite. In Cuvier’:; ziMitogieal tfcalise 1^11) they are classfti nmkf a 
Kcpiiratc genus, (.en'dr/a, with creatures imw l-imwn to li« tnicrcRKspie 
larvae of parasitic worms like llie liver fluke. Ihc liwmmculm. was m retreat 
and the sperm was generally supjXJsetl to play no cisemial jiart in iettiliza- 
tion. Meanwhile liotanitati science in dose rclatitin to practical nmls Iwd 
progressed far ahead of wkigy. ‘.riic great zoologist flwtn, wruiiig m IHlPg 
said it was still a matter of doubt wlicflitt spetimitozoa were i,:wu|j 3 .ritble to 
pollen gfuitis or whether they were iiide|wndvHt I'reviramts, who 
started by iiiditiitig to Cuvier’!} view, adopted a new otienmtian m thr pwWent 
in the year (IHli’i} after ilie tell diMUriiif of the plant Ismly was iwiaWiskd, lie 
compared sperniH to the iMdlcn of phmis, m Morciimd ij,ul cmnjtared pidlrn 
grains to s|^nn a cetitury earlier, md snitgested llwt they were tornied 
frotn the tubular walls of the rest is as |M)ilvn gmitm ore formed from rlic 
oftheiiiitlKEs. 

Kiilliktt observed that this was tnic* in iH-tl. The rtsemial part which itte 
plays was siwriraairally proved by two Ihemhmen in 
immcdiaidy after the first micniscupic i!b''.n'v.i!imfs mi tk tmmrnn of the 
pollen tube, 'fhey repeated with greater arc earlier and, as he thmighf, itt^ 
c'ondusive a|icri«tents of Spallanzani, llie hmer hiid *»linwn that seminal 
fluid, filtered tlirough several layers of blmtiijg paper to reiam all the spetnis, 
will not fertilize frogls eggs, though ifie residue of spcrfiiatozoa susjieiidea m 
water wiil Jn so, Newport, who cimlirittcil {heev fsperntients inetmtestably 
in the coLin.e of researches started abuit tic time when the fertiflzstinn of 
the flowcrless plants with motile sperms was etafhshcd by linfmemcr, owltl 
still write ill hoi {Phil. Tmu Hoy. ,Vik:.|: 

are as yet nitirdy without, protif flat any ma,tcfi«l iiihtmiwc mr subsiimcc ii 
actually ttansmitiRl from the speimaiozoon , . , iiitl iltiwjugis not a ihmic If 
the speffliitoit.sui is detected in fhc twuw, we lias'c seen tliat tr fcinainj a Jnntf 
tiffieoniksurfM. 
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To observe directly the smprising liiti that only one sperm enters the egg 
('i' an ammal in the act of feriilizautm calls fur j;,(!»d microscopic tediiiique 
and gtiud lunrers of patient olnia-viitiom W'c may well doubt wliether the 
search wiwlil have ls;eii Immi'hf, to is ‘.iiccisif.tyl C‘ondm,ion, if tlic work of 
botanists liiiil mit pwvitlta! tioHd groimd fur hope. When motile Hperms 
were discovered in liawciksis plams, piam mi(:n,);icopists were iilrciidy 
familiar with the fid that a single iKilleri },;ririn penetrates a sitigle ovule. 
‘Ihey were ttaturally dispcCied to esplure tin* possibility that the egg of a 
ittfi imithaihiH or mus(i pkmt is fcrtiiiza! by a single sperm. The discovery of 
■ipeims imd egg cells, esseniiaily like those of so many tjwrine iiiiiimilii, in 
mosses and feuts made ii difltcuit 10 rlotibt tliat the union «f two cells is 
the fimd imvnfal feature «f i.esua! a‘i,!todna:ifla common to auitnals and plants. 
Progicss m InouiftliT of ammal reprodtiCfion duriii}; the Jirat liiilf of the 
niiictevmh ommr y w.is a lyv pruiltu t of new nods which stimulated 
viisjoiry into tl’c piupaisciH;! lO pkmi., ami of new mans of invvstiption 
iiuide posHible bv i.ahoiud impauvcmcnis ofopijcu! instniments, The new 
iHitany furiiislicd the clues for luriher insight into tlic knowlcdgeof !:ex imd 
i,!cvdopmvnf among animals. When the twentieth ecntmy dawnal, the science 
of animal breeding received ;i spvciacuktr impetus from the .study of plant 
hyhridizmimt, iostl rajnHl ;i rieft liiirvcst from the ktnnvlcdge wliieh had 
actumulaicd meanwhile fsvc (ihaptcr XXI), 

lillt PMYStt'At, NA'ltJttr; til* ifitllfWATtoH 

^ Tlic entry of tlic sfvrm is a physical event iissochited with material etonges 
in the egg, am! these dang« are stpahk of king imitated. One of than is 
mi i(icra*iv of permeability to dissolval snhsiimtts, Ihiysical agents wfiicli 
ift.mge the >,£-mi-pcrmablc proi'vrty of the tgg periphety are capable of 
starting the process ot clem age withinti the aid of the .sperm. In l.Htlb the 
f’filliam Afiieriuin biologi-.t, lavijim Tocb, discovered that eggs of & sea-* 
tirjiin placed in a misiiirc oi'sea water and magnesium chloride akui twice 
the molar coihen!r.!tittfi ol mm water, grew inio free-swimming larvae, lie 
toimd l.iter that this w.o not due to the spedfk action of magnesium, since 
sen w.tfer made mtftc comemniied with a viriety of substances would do 
exactly the same. Mmetncr, the conccnmtiien of each Kibstance which was 
most effcctire, jn prmltKtng tlie greatest numkr of successes, was found to 
lie sttcli as to exett a ddimtc imwik pn-me. It lad w have ft mcflsuiabte 
ami fixed imwer of withdrawing water frem the egg. Subseciuailly, laxb 
fmmii that by judimmary inseftion of the eggs in add,iiid sci water, lIMi per 
«Ht. lerfilizftt,ion tould k obtained. The .strength of add is Klatcd to the 
Gm with which it wdl pasa through the fatty outside layer of: the egg, By 
various methods .jrff/kan/ fKir{tim%>amis las now ken carried out with a 
variety of .specie, 'i‘he frog’s egg will developWithout the aid Of the sperm 
if pricked with a line glu-ss libre. Fatherless tadpola five actually ban ruised 
through the mctamiir|dtosis stage to the adult iimdi&n 

i>Bwi»mTyii'm Awm m 

I'k dtatlopmoit of the cm of a frog,« dMcribed. by Newport and his 

sucassors., hti i. very great idvwiage over that Of other, forms as an aid to 



























understanding the way in \vliich the [irehiiedure ui’ the ei 

built up. Some of the most important IVatnres dOIic pjOvr,:, pu Iw hulwed 
with no more elaborate appamtus than a, sitiiple h;nui letis, A lew hynes aifer 



ihtf. 4lo.-t>rAKW...K im m h« l-nw*** jiaa* 


jH3Ri*, siiu! sej-ymti-i iifi a tier oi'edh wliidi inUMin lihicl; pisniieivt 
tn»ni n tier vvf smiirwhat lari'er «tlt,n,irlei;,s e-el!;*. SirAxyMyc clivisiuir! rahe 
plai't: in at! I'iliitn;''.. j\ liollmv sphere is tlins imitietl The ttlls of the hnrer 
!M!n riTstivrlv lasp'-e asid contain raa IdasT piipiwnt, 



fta, St<t«8 mtia'DiwiWw Fowi 
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begins the stage of organ building. Kinm ulniHst the ensite ^.udacc trf' the 
embryo is covered with a layer of small pigniemcii cclfn the large 
mented cells being evident only at one end, tla* Vi4k pk^. 'I'hk h dcHiind 
to be the posterior end of the tai{|»fe. 

Now begins the dillerentiation of two ;.y:.}eni'. id' organs chararteiVitii: 
of the adult aniraal—the gut or alimens.ity caiial and the venfra! iservotfi 
system. The black outer covering of cells Ibnus a distinct hp over the yolk 
plug on one side. A small chink kneatii this lip gjov.’, isHvatils, etdargmg 
as it grows. This is the rudiment of the aiimentat y aviiy (I ig. t Isg Hj of dw 





I'Ki, hhwi.'s htaj Aimw ftvK tim of 


At first the embryo whs tlaitenei! aKaiiot die vuiy.^ hiuS its, «w wfek lo finr 
yolk ventrally. Now It fiw joithcrcd m.eJf n'^niicr aiui nim t-.rd iiirif off !«»m dw ytjlit 
with which, however, It stilt remmo-. nomruc! ny«suit, A liitn iayvr of tU|hJy 
vasculsir tissue has spread over the yulh »ntt is ij.-«rhhi!Knt fr<«m u, iW 
embryo, which shew* the rtuiimeiio. <d c\fs, limt 9, iniui jiul nhu, b postetied hy » 
dome*like iiicmbriinc, the whidj uitiui!)!i stHui juhl »kt\ litsc a water t'tMhwjn, 
The alkntdh ia growing out from the lurut kuo A't die y>’ife m wul ailHiineft d»itimt»h 
it will grow right miimi the rmbrytn t<ciofmnB umur. tfd mUi rtw aie sj^r and tk 
shell, and serving « a respitaiory orgim. .At the rml lI devrlojmKm da: rtstk of rk 
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tfscaviitcd imv.irda finin she yolk |i!u!* will iiliimatdy ImHiie the avity of 
the aliiticniaiy can.il. As c.ivit.itimi proceeds, u Inh of cells is sepawted olf 
from the sn.i'.s ut'culimrlc' ■.» c!!', which form the inncnm'ist part of tlie embryo, 
‘riii* kit of tissue in.cc-nVmi is dttivcil froiii cclis wltieh migrated inwards 
Ifnm the lips surrtnmtiiiig the yolk plug and is desiinal to give rise to the 
knly tmiscnlafurc, irnduiling the walls of the blood vessels which arise as 
catwk in it, Ikneafl! tin* dorsal rudiment of the taitial nervous system a md 
ot'tissup k dviiichrd from tin* iiKsf of the primitive g,uf in the miihdotsal line. 



Fta. 4i3r’*rttK Wim Iteivo Mammui. wm »i'Aa»o«v 

1*h« dtnibte outer mctftbrmc In thi* fiptts is in part fonkd it«very early itaie, iiul 
in fwt Mrer, m « by-pmdurt. of fJw dcvetopiaciJt o! tk Maion, 1’hc .^‘yolk-ttc” , 
amtain* »* wft, but is lo callrd kcawit ct>ffcipo«l» lit dcveloptnmtuad stractual ' j 
relattoM with tkl'tSBiakMl yoli« of bhi* md «pdki. la te 
Ik yMlk-me o# kr airf tw«va .w«iriibffltit.nt for tlie embryo from the mcrlM' mH ;■ I 
auiifo: the short ptfjMt:?, jKiiHifflal# It.nayluaait® to thii, wy wly to ; 

ijrvffipmew, but ibis work » im «l«t over by the sitontois, whidi fuie# with tlw 
r.inct mrntbwne »f this and with the uterine ws!! to form tlie pkwiM 
ah».4to). " i 

, 

Tk «lls;tf to' md litorsbeww mtoted, and.theitnictufe co'Btitutei,' ■, '■ 
«if iletotal totii, Ox miiKkri ,AMd 'to Mtoetedj wMdi, Is femd.ln'' 
ail webrste mbtfm^ the verttW columa », built up at a later stage. | 

' "Tk' dewfcpffltmt of to ^eig of to 'fowl or of tolumiU' bffli ^dfc'"' • 

la m la^ortiffll w,p«'''fe)atot ofto'frog.or of a;„l 8 li..Sfi^t«tion 

in ..to Mi mi ii ma ■ tO; to 'ferffistioa of of .ambtoes ; 

wto to emla| 0 ' tote 'birth*, 'bit ire. isete^' at .'.'to rad of 

the embfiraic''®. 'iMto' toilaiioa*': to' auclcus' of'I'.'fowl’s' eg'^divides 
aqpe.ai!edl|| to as to„pll: ttes aol.«li'.divide'Wltii 'to'mticMj, fi'.ttoflate 
of cells, isf'toiraicd m.- &'■ wrte;.''Of to rwaM^ 'I'll)* 

Has piste of odJs pows ow to' suffece of'to'cn, iad„ rise m S' w | 
encIntiM to volk and to'.t 'sisrias. .of'ravtdooci'wMCb top round to embm : 
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proper (Fig, 412). The feniiiiiw oftlip viT-; sae are r*fu"i’ p.. eoi it (he tiou; of 
hutdiing. 


The hunum cim cdl h.s-, 

1 j‘mv!u.'.!nv u.i u 

iui !f d ' 

; 'JL Ut iiLf into 

a. hollow bill! uf s.'clls hivc! 

lu: i'm*, uf f!u* lu-*', hi. 

i uiT i 

V ai ot hisili.'U' 

sphere gwws iimt ihc lu 

■dy td file t'liTii,). 1 

fi.e 

emb.y.^ bci, tk- 

embryonic human l’fii !;;5 is 

invctisl v.nii*err' 

. iilTii'.c 

.V-mi',.;- 

lojics, mom esjK\,iiiily the 

.bius, 411 

Ilib', Cl; 

Ues aU't V. ty U*i-.r 

connexion wiih the vml! nl 

tli;' vuimb, v.ir'- h i- 

.re.Mhy 

Wi'li Mipph;.! \y;h 

blood ix-asel', duriu'*. the n 

me mtmihs dntai" v.l; 

K.h 4 

hip., s-mb!','U 

itiidf witliiii i!'.' I'.iJv i4 t 

!i' iiuulit*y Ihc .fit;. 

luo' n-ii 

i|.\' i'/ !' ;s i;i ;.ii; 




IT*. 411- Ih’MAN l-smtoi {s* TJif' I'TOc-i A»t!irf ‘Ha M'>s'in\ .Arrrn 

J lie I'bck lififu In. the pluicriis ifinrsrw fiw>;fauitiu!ti.aiiv shr aiWsrwsijf 

the WtKKi iif the fitfUn, and ilie d'ltffil sj^atfs .‘iitr.j wi'i' she i4 the 

mcthcf. I hr ttfrtiw''. ■sliuw tlic uu lihiiiun t\i shr !■!<•< 4 n. ! 


lil'niatcfnsil:;tKlcnibryunw li' -ii?- T’jg, 11 5 ;. Hy dtHmion 

Ilf mitrkiil matter thnnii-.li ri-.r i!;:'?; vlu.s s4 tissue whith wparate ihc hltKKl 
vc’Ach tii the Htiiiher ht'-ii! titfixi' ut tlic emhryt), thr iaitcr ii> able to gruft- 
iii spite of the fart that the ei;g i? .;-:! lias lio ^!(l)Jgc A leature ymwiwi us tk 
tlcvcliipmctil tif the fowl am! ;h;: tii-cijiiahaii egg the f 4 vt ilut, ikH)|h 
il wtll ticvelup into tt hind atiini-ih site emhtyn *(? 4 iffuin 4 Ugc ks cldb on 
the side ol tlic throat like those ihro.ijji 'oKkIi wasci pa^so tivcr the gjlb 

oj'the t 4 d{Hile fir aduini’.h, 


METAMORriifrtlS 

After the etnhryo of the frog hiis rached tire when the girt mdiment 
and the beginninirs of the nm'out tswtem have be« dineFcniEMtt'd, It pawi 
more rspidiy hi thr axi« prnalld 10 the length of the ijnnul cwd. After about 
8 fontiighi the had and uil ends sre lii^tiftguhhabk:. Tk wofaclef ef tk 
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t.iil au’ voik'itmly iu.fiie to riiaMr ihe esuhtyii to wriirgle out, of the mass 
ut m v.iii. li llir e;'i> ate laid, imiepduli-nl csistenw starts. Unlike Oiir- 
si'iM'., I'ia’ ill'}' lii.ic', i'.ii I'l'.'iit its M'jMnttt' ^istcnce with an organfeition 
ler, h iik* the so-iuHv Jn.iime loini. The human hahy at biiih is essen- 
ti:,dl\ 111 ! iiism.itith* aihih. 1 he i hsd'dit.'etenu: is that it liaii no tccthj and even 
al'kt it teeth it h,!’; to shed imc set fiiTltem bdure the permanent 
set .ipi'en-. ’llie s;->,ii,il ori>tir. are immature and remain so until atolit the 
iigt* !'l liiiutc 11 , when teii.iin tumor distineiioivi ktween ihe sexes (monhiy 
Si ,t«u/ (/i.n.ii /. > ! :„u i) :i'= the piieh ot voite, presence of hair on the upper lip 




100 , rm.-Vii-v ni.k.i'SMMATtf; Ilotu/nsm .Siif.'nust or a Yohno TAimB, 
s»!i.'A!',a. OS' (ti! ia.if A.\ tmv .SrAiifi m wnmn nui lixTram Chi.t.s aiib Folly 
in.Vif.oMn. A\:> iiM un Ho,nr a lAXfjti .SiAia, wnas riifi Iothsal Gills have 

iJU t,»Ui ■( tilts UAVt lluyKI,N ANU Ai!l( l*KOTKaiin DV A 

t»ut. Lour t>»! tlTOfeits,.st 


and chin of the malcj and enlargement of the milk glunife in tiie femak, 
bcoHMc evident. 

Otbcrwk a human adult is in most respects, anatomically speakutg, a 
grrwti“Up baby. The embryo of the frog, wlticb has hitherto grown at the 
expense of food or **yo!k‘* stored m the egg, is very different from the adult 
when it fim starts mdepwdent feeding. It breathes like a &h by gjlls^ and 
not by lungs. Ihe arterial system is essentially fob-like, It has no fore-limbs 
and tmiy tiK tinksi rudiments of bind-limbs. It [xifisesses a taB. 

On each aide dm throat in the newly hatched tadpole of the frog, shortly 
after the time tff bsuching out, there arc four defts which later communicate 
with the atcriof and with tk throat, thps letting water pass from the mouth 
outwards (F(g. 415). The waUs l^twecn these defts arc known as the gill 
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iJfdics, Hutu the iif'if thiiv j;iii .iivhu. I’ntiv mu iut ciflu.*! nui', 
oi'lihimcutswdl i.ujijshrJ v,uh Miuni v.-s-d-,. ''i vr.-ntf'!” I'lil- s!i';;!pju\jr 

wilhiiui few d;i)s, I'lw sui! ddV. thni I’t.'.tl lisi,*!.: ;ii ;mJ fh:* of ?hu uiH 
urches Ha’timu on'.'teJ Viiili luhf. v'{ '.klti vi.iv '-ui'uii.'il uiijj 
VMk liiv ihe rjlK itf;i itsh, A Joia t>l' skiti, flu;' iijm, ulus!;, itisu '.‘sstilar m 
that oi a li'^h, i'uiv..s Kuk tiver fH* .dll vldis» as in ni.iisy iislw., atui 
ihe ^ill iiutu (iiuaae. ‘file uapilc emifintit". Us hrcMtltc jstnly }n' ii-; skia 
and pattly by passing watur dver the pjll tld'is, which absorb the usyguti 
(’(iutiiitu’d ill it; iuhI at jirst ir has triiu lungs, ‘nits ‘Mtc t?! utlims i>; not 
penniinunL Uiu tadpule stage tu the Ihltish cuinmuiii fru;; itsts oidv alniaf 
three niimths. An iibniiU diaiiye snpetvenrs; and i» a r.hon tinje the 
adult tharaucnslic. are asstiuted. ‘I'liis diange is isdls! fb'* 

Ihe pfeecding phase lu tadpule si.i'te is spu!l.fi} of as ff, ■ Ur: ii At 
metaiiiuiphnsis ilie hind limb., v.ltnh in the bdt .‘.mwh ta !;,/;• ua tnu, 
riidiincnts, lv!;iii |o piuv, rapidly. Tlseu iha utJnn-'nf ot the jind' , 



■***'-.dWi-rvin T.'U>i'ut.!\ rr.n,ussu» in* Piai'iis-., yu-. VuS..»; i'rss, Him ta 

11m AtaiuN oi’laiuiuM ranMUitif; 

bnak tlniJiigh th’* skin, 1 tnaliv ftw ptl! del?', btyin tu eh);..,* np, and fit'* tad 
slirinks, A inurdjp.i-d, an bnathstip, fadlra, adiut einetees uu tu land 
ihe way in wiiidt an animal de\d.*ps is a wte difiimh pi.ii'!e«i m umict. 
Muntl, and we are univ last h-eamiatg m tin su, It ts posnbie fti rxj'ctnnrnt 
with the devdt>]iiii«u ut a jjm:; m i,M,l pist as it j-, |s".-.ib!e tu rtuvfUHfiji with ; 
the heart or the .sumiadi Wc tan make tlte reps 0 ! a !t 4 *p i-t tuavt grow up ' 
into individualH with two heads ur fau t.fiK or wnh one eye «n the mp uf 
the head imlead ol two -'big. 41U;. tins* tjur'-timi ah ut the develupiticm H 
the Irug which wc arc Ix'diiiiing to undrjstattd is nf u-nsidciahle jnip«nwnir 
Hi medicine and itprkuhttre, 'I his is, what btimr' about the •atddcn iMtis-* 
inmuimm from the tadjM.ir inm the aduir Ihrtn r' 

In tlie neck of the human {xmg there is a fiat iuinji ot Ussuc kiwiwn as 
the thymiUiml. It is represented in the frog by a pair »if nvoid Kidirt im 
either side ot two large veias of the ned ttpm In hitlt man and the fnij; 
the fhyruiti gland consists iif small ta|niiln o| a g Hvi^h matmal, and is very 
nchly supplied with blmnl vessels, lake the adrenal and pitotary glands, 
two other .sirncturcs wlmti arc somcwlwt like the Jigniivc glaml* in feature, 

It has {!() i.iKt, .Siidi organs arc fur that reasoti soinciinicn uilcd duetbn 
glands, ihe jdiyisli inateru! ot' the thyroid gUnd is fseojliar m ifaat it eon** 
tarns a compound of iodine, an elcmertr not found m other liuituis of ilw 
aninul body. W hen the thyroid gland of any animal is given m food to young 
tadj-Mtift dicy start tu u'cu’Iup limbs and to lose tficir uila very rapidyiy. 
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A !ai;-,c AiuriiiMii ling, c.lidi, hvi-. Uu iv.o vean.; in vcaicr ns a 

ladpolc, will uiidchv iiici.itiidipnr.'.i', v.iiliin sis v.vch-, isum liaidiiii!', ifid} 
ms tliyinid !;!:hk} instead cf nuiinary UuMf, TIr- ilg.nkl .*J.,na uf the ladpnk* 
urn be irnuwcd by .1 c(tm| .u iiiu-iy .'.hujk- MUidia! tnvr.'itioii al'-iuu the time 
ot hatv-hiap, and t.idpnk-, .Jegused td tlicu' tliyudd glands, tlKMieh oilimvise 
will pu on p.rov.isig tnf veaii, wiihunt midciguing uictaiiKuphtii.is. 
liicy tievvr assume ific .uluh tha!.i'.;iciii,!i.s. Aniimg human beings tiierc is 
.uh meet mhimv htuv,lias,?.It th.irateiisik, nidiidcivrntaneiit 
mukip.ruwiii and pm asicm.e of childish diar.tueristi.,'i. It cm iiuw he cured, 
as shesc ctcttii fadpsile-i c.m h- cuicd. bv fiviug thyroid gjand (dik'd and 
ui the hum td a pill) as nieduitu-, MetamurphosK tkvuis when tiie thyniid 
plaud b.stm. m p.mr lo, 'asicii..:i mtu the bluiul. I'.idpulcs cm alsu be'prc* 
seiitcd liniu der.ktpmi'. inti* tli.' 'iditlf hntu if k-ja in water Im- of any ir.ice 
ut i'tditi; i.'mp.iuuvls, 

Ihe thyimd i..ditie rdiupomid cm iiuw be iiianiificinred fmm pure 
diemu'als iu the lab*iM!mv. In districts wheie there is little iodine in the 
'■I'd OI diinkiii;'. watcr as in parts ol .Swit/erlaiid-‘thyroid defkiency 
di .eases Mivh as gfitie are cotnmim. 1 %, are sprcialiy seienlive to iodine 
ddu'jcticy, and there have been bi;; lo'ea-s ol pig sioek in certain parts of 
Amriiva im tins mcmmi. 'Ihe los'W. m the Slate tif Montana in lilltS repre- 
seated idumi /.I.Mmi.ihhi. .Suuesslh! pig farming is now possible in sudi 
k..ililic'i, bc.-.tiise u •mull tjuantiiy of an iodine salt added to the diet is 
siitln ieiii tu sategnarv! tlie pig breeder. 


sirmtutv j-t^vinuNMrNr 

‘I'here is .1 Imal v.sricty o| the MemVan salamuiuler, wliich never grows 
into the hiitd jium ui nature. It remains a sort of nuljmk cdbl theu-vn/ur/, 
and breeds iii the inmiittuie s[.ite. 'Uiuugii a single meal of ox-thyroid suflkcs 
to turn It intu a hmd s.ilsfmimier in six weeks, supplying it with iodine do^ 
m-t make it develop into a land hmu like that of similar .salamander larvae 
m other loulities. Its tea 11 thyroid docs not have the piwer w use iodine, The 
Mrsu.m '..(jaiiutider dtics not develop info the land form in mitiire, because 
I? itsb fih bom its ancestors an iiielhdenl thyroid gland, 'i'adpoles in ntoun- 
1.011 iakr, witnriimrt fail to develop iTecaiisc thcic is insullicient iodine in 
their iitnummcn!. 


’1 his gives us an opjssttuiiity for exmitining two words used very loosely 
bv people who have m biologiwl training, by inheritance wc .simply mean 
the siutl which the s}xrtn and the egg contribute to the new being, flow tliat 
Mull Will shape depends p.tnly tin what son of stuff it is, that is to say, on what 
wdft of parents ir catw from; and panly on the surroundings inwlitch it finds 
itsch. ikiurc the twtufc of repnHiuctioti was understood « we understand 
« today, it wm generally beliCTcd tbit any bodily change which results from 
u change m our surroundings tan be transmitted to our children. Experiment 
doo, mu support this view, which was commonly believed in the past trad 
was stated in a my explidi form by l..amttrcfc in his PMlmphis Zoolopiipie, 
The hereditary scuff doa ocasionally undergo great changes. Sports appear, 
anii breed true to their new characteristics, Otherwise die same materials 
arc Uamrautted fttim generation to generation uncknged through the sperm 
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arches. From the first three gill arches there grow out on either side tufts 
of filaments well supplied with blood vessels. These “external” gills disappear 
within a few days. The gUl clefts tlicn break through and the sides of the gill 
arches become covered with folds of skin very richly supplied with blood 
vessels like the gills of a fish. A fold of skin, the operculum, also similar to 
that of a fish, grows back over the giU clefts, as in many fishes, and conceals 
the gill from outside. The tadpole continues to breathe partly by its skin 
and partly by passing water over the gill clefts, which absorb the oxygen 
contained in it; and at first it has no true lungs. This state of affairs is not 
permanent. The tadpole stage of the British common frog lasts only about 
three months. An abrupt change supervenes; and in a very short time the 
adult characteristics are assumed. This change is called the metamorphom. 
The preceding phase or tadpole stage is spoken of as the larval period. At 
metamorphosis the hind-limbs, which in die halftgrown tadpole are liny 
rudiments, begin to grow rapidly. Then the rudiments of the fore-limbs 



break through the skin. Finally the gill clefts begin to dose up, and the tail 
shrinks. A four-legged, air-breathing, tailless adult emerges on to land. * 

The way in which an animal develops is a very difficult problem to under- " 
stand, and we are only just beginning to do so. It is possible to experiment 
with the development of a ftog or toad just as it is possible to experiment with I 
the heart or the stomach. We can make the eggs of a ftog or toad grow up 
into individuals widi two heads or two ndls or with one eye on the top of 
the head instead of two (Fig. 416). One quesdon about the development of 
the frog which we are beginning to understand is of considerable importance 
in medicine and agriculture. This is, what brings about the sudden trans- 
forraadon from the tadpole into the adult form? 

In the neck of the human being there is a flat lump of tissue known as 
die thyroid gland. It is represented in the frog by a pair of ovoid bodies mi 
either side of two large veins of die neck region. In both man and the ftog 
the thyroid gland consists of small capsules of a jcUyish material, and is very 
richly supplied with blood vessels. Like the adrenal and pituitary glands, 
two other structures which are somewhat like the digestive glands in texture, 
it has no duct. Such organs are for that reason sometimes called duedess 
glmds. The jellyish material of the diyroid gland is peculiar in that it con¬ 
tains a compound of iodine, an element not found in other tissues of the 
ammal body. When the thyroid gland of any animal is given as jfood to yoimg 
tadpoles they start to develop limbs and to lose their tails very rapidly, 
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A large American frog, wluch normally lives for two years in water as a 
tadpole, will undergo metamorphosis within six weeks lh«n hatching, if fed 
on thyroid gland instead of ordinary meat. The thyroid gland of tlie tadpole 
can be removed by a comparatively simple surgical operation ttboiit the time 
of hatching, and tadpoles deprived of their diyroid glands, thougft odierwise 
normal, will go on growing for years without undergoing metiiniorpliosis. 
They never a.ssumc the adult characteristics. Among human beings tliere is 
a disease of infancy known a.s mtinmn. Its characteristics include permanent 
undergrowtli and persistence of childish characteristics. It can now be curetl, 
as these cretin tadpoles can be cured, by giving thyroid gland (dried and 
in the form of a pill) as medicine. Meta{norplio,sis occurs wlien the tliyroid 
gland begins to pour its secretion into the blood. I’adpoles can also be pre¬ 
vented from developing into the atlult form if kejit in wtiier free of any trace 
of iotiine cumpoimds. 

'fhe thyroid iodine compound can now be manufactured from pure 
chemicals in the laboratory. In di,strict:s where there is little iodine in the 
soil or drinking water—as in parts of Switzerland—thyroid deficiency 
disciises such as goitre are common. Pigs are specially sensitive to iodine 
deficiency, and there have been big los8c,s of pig stock in certjsin parts of 
America on this account. The losses in the State of Montana in lifld repre¬ 
sented about Successful pig forming is now po.ssiblc in .such 

localities, beciiuse a small quantity of an iodine salt added to the diet is 
sufficient to .safeguard the pig breeder. 

IlHRItmiy AND ENVIRONMENT 

There is a local variety of the Mexican salamander, which never grows 
into the land form in nature. It remains a .sort of tadpole called die uwktU 
and breeds in the immature state. Though a single meal of ox-thyroid suffice,s 
to turn it into a land salamander in six weeks, supplying it with Mine d« 
not make it develop into a land fbrai like that of similar salamander larvae 
in other localities. Its own thyroid docs not have die power to use iodine. The 
Mexican salamander does not develop into the land form in nature, became 
it mkcriu from ifo ancestors an inefficient thyroid gland. Tadpoles in moun¬ 
tain lakes sometimes foil to develop because there is msufflcietit iodine in 
their OTTOWfflt, 

Tltis gives us an opportunity for examining two words used very loosely 
by people who have no biological training. By inheritance we simply mean 
the stuff which the sperm and the egg contribute to the new being. How that 
stuff will shape depends pardy on what sort of stuff it is, that is to say, on what 
sort of parents it cme from; and partly on the surroundings m which it finds 
iteeE BefoK the mture of reproduction was imderstood as we understand 
it today, it was gmeraliy believed that any bodily change which results from 
a change in our lurroundings can be transmitted to our children. Experiment 
does not support this view, which was commonly believed in the past and 
was stated in a very explicit form by Lamarck in his PMlosaphk Zookgipc, 
The hereditary stuff does occasionally undeigo great changes. Sports appear, 
and breed true to their new characteristics. Otherwise the same materials 
arc transmitted from generation to generation unchanged through the sperm 




and the egg, Heredity and ciwinwstniit aie diiitieiU aspects td t!cvej<:<p- 
ment. What we Merit is a capS'-^y m u p:ir(iaiM jcjv in u parimlmt 
mironmmt. 

When the Lamarckiuii principle was iirst chailKu-cd* cveti pnwiinent 
scientists were willing to lulicve iabk's such as the aitu v thai a tavik deprived 
of one eye transmits cye-defals to all Ids olisjuiug. Wh-it it was condusivfly 
proved tliat mutilations effected tlirougii Heveral gctivwti.ms left t» inipitsi 
on the hcreditable characters of flie_so>ek» the leunardiMH fcH back i»n the 
gratuitous defence that only '‘adaptive'* iliiinges erndd In; iranMniited, 'i'ite 
precise meaning of the udjeciive was jjcver Mmd. No r«»m wm lt)nh« 
coming to suggc'st how tlie gonads could discriomi oe Iviwecn mutilations 

and bodily chpges that lire‘‘adaptive^’ 

The doctrine of Lamarck was first caikd in (liicsdon during the decade 
when the nature of fcrtilii^atioii was I'imtlli' riuiidatfti ‘Lo understand the 
tenacity with wliiclt the lH'lit;f in tlie LamarcMan principle hits clung m 
biological thought, we have to rciticmlH'r that the micfiwcopic study of 
development is the iraist; recently ih;ve!t){h;il I'lcmch of auammkul .science, 
So until the middle of the tiineatnth cemury, liie cntrctti tweptjon of 
inheritance in biology was closely analogous w the legal »»‘.ioo. ’fk parent 
was supposed to hand tm its diaraciera to the oii'^pmig in the uara; moih: as, 
the wclko-do hand tm cheir iK'Iongiugs. Vchtle so eiTowmus s docifinc m 
prcformation could prevail, the so-calicd inherirantc of acipnred character 
seemed a perfectly reasonable view, 

One question of special interest in coitnettion with devdoptnea? ariirs 
from one of the earliest bit»tahnic.il invcniMtns of manNtsd, iktween tte afcs 
of twelve to seventeen there is more or las abrupt developntcat of wkt 
we have already elled tlte "sKomlary w.«al t!ia.rai;ters** m .girls,lad hcrys. 
The of pheriy may be ©mparct! to the pcricjil of metaiwwrpWs ta ik 
frog. At puberty, so eilled kcausc of tfie apitaranit of toir on ik pubk 
region (i.e,,th.e region where the legs join t.hc. twtAI, tk ovarki kfin to 
liberate egg cells and the f«ws kgin to manufwiorc scmital fluid. Tk 
development of the.seasndary scxia! characicrs, e.g. kvs voi« imi bard of 
die male, am be prevented by removal of the gonads, jusi m tk meii- 
morphosia of the frog can k prevented by rtmiowd of f ,he thytOfid 

Just as the loss of the larval characters i'^, ifei'M'iimt «n tte ittWiy of ik 


result ot removal ot ific gonads lastramm) is that tk m'divW'Uil tmds m 
deposit fat In the tissues, for which rcawm avtratem .is praaiid la ip- 
culture, From andeni !lm« dstraiion m praettsed .in amis rmfiag, fw 


sri m:j"iiK.\iiN;vtn'tN 

A jumikr iti l4i{‘. afvm ;uimub. MJcgcM the imctwiuion of some agencies 
temhm; lu pn*dcit*njutie {!« 'I's td the ticvclupiiii; onuiuism at a very early 
sragr Hi devrltspincnt, in lavi at ilw time of Icriili/iUtom Some of them are 
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of the te liCgnii'Utiitit'H vlivi'iiUis M'j'.u.ae, ,iiul t'uslnvu', arc juo ^ 
diiced from one eg)',. When ihii h.ij'ivis'., .r. in the ivoiiiiuiti'M . ! ■'idemiial 
twins” in ihe human tlie ui.livniMai, j'l.iJiu/.i Inmi .i -.jiigle eei: 

are always of the sasne ses:. 'fhe n-.n; h.imie.l ann.iJillo {‘n-iluve'. hovts of 
four young fmm a ‘atiele e!;.;- In.iivuhn!'. o!' the i-ame hi'.*,id ate tilvv.w-i 
of the same sex. In ixiUed ‘.pe. t-i laimahllii'., uhuh juveau'e httera foim 
several eggs shed at mav, iniliviviu.iis 4 the vime litter lu.e,’ Ir either male 
or female.'CHeatly Muueihiue, vltidi h.ij-pan* iahue ‘.eetia-matii'n hegms 
decides the m of tin-' individual. 
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The sjicties .'ihcwn tsai S«iu» thft.m'-'-i'U.r*. in ‘tr divni' ti •’< Uir nr.tiniin N»«}v «it» 
'Hie sperm sml c}.ik ^'iittitnirr iv,ii i lVf!r!).nn>ii i’t sj'-rrn! #is>J 
tnemhniiieptevetiutij.; tiirennvetftlai tprnn'. .«i.n«4 ’.o.l'.jmait<,lswiwhi; » «j'h{ 
a swulliiigol ? aiii! -* f fijj mKki* f* tu jjie hot 

two cleavage or .iivi'-a-’l.s i'! UlC r^;^. 


'I'he fiml light oti the pruhlrm suggraed hv tir^e aimc wk« tlw 
behaviour of ilic veil nuJm in the priH,r»s •-! IrriihAiiion and ordimry all 
division was studied, in microu’opic pfcpawtasn'i nwckt of iwtirtg cell* 
appear as vcsidcs containing a tangk tif iincly-spun throab. At one lide of 
the rtudeus is a Muall area in the ic!l suhstatkc, the iphtn^ wbe* 

separation into two part* heralds the incqptnm of «ll division (1%. 4l?|. 
As the two attraction spheres Mtparatc they spi'^ir to draw out the surrmmd* 
ing cytoplasm into a sf^tnile of fimt fibrik M^3awh}!e^ chanip tMV« nton 
place in the nucleus itvif. The tangle of fine threads fw rcsolwl tticlfiato 
a number of readily iiisiinguishabk fikmcius olfcd dvrommmt ©Kb of 
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wiiivh is ahv.uly bri'iimiug, to ’.plii f.-tiyiliwi-.e into two lialvei They become 
|ijo;'.rC’.“.ivi*ly ‘ihuiter, .e .umini' the iippiMrance nf iitout rods or blocks 
st.iinnu; deeply with ien,.;,!i d-ees Mieh le. logWiMui. The diromosomes next 
iiu.iifge tlieru’eKe-. on the e.in.itor of the spimiie, and the halves of each 
chn'iiuftiane sep.u.ite, p.e’tng to oppo-.ite end', of the ‘ipindlc, Theiij while 
tlu* division tef tlu- cu.-pl.e-m eomplctci itself, they spin out iigaiti into fine 
t!tje.tds. brum these ilie nu.iei of the daiighler cells arc built up. 

Ihiis c.uli 0 ! tile I lutimosonu's in the mu lens of imyceli is structurally 



fm. im.-Kiiueorios' Djvr.aeis m im; i‘o!i.\wnt»H ni' .SwiiiMATozoA nnim Ti«ns 
or A tifw.iri wun t'oOi ciu^oaiowimis i.n uU! ciuutj riia Diviumo Boa 

fiquivakfit to a corrapnding chromosome in tlmt of the pratKlmg and 
luocwding cell generation.*, In every spcciet of orgaubm thd number of 
dutmtosonw wlikh an be «mitd in dividing nuclei is constant, and, the 
elaboftte taetbod fust described by whidr nuclei divide (mions) ensures 
the of dhis constancy. The importent fact that the nuclei of 

any one species of animals are made up of a constant number of chromosomes 
when the ccBs divide was established during the seventies, 

With this discovery»new problem aroiKi, During fertilization, as we have 
seen (Fig. 41h), the nucleus of the sp«tm united with that of the egg to fonn 
t single nucleus of compound origin. Why does this not residt in a doubling 
of the number of cbromosomai in the nucleus in each generation? What 
ensures that each hm the same chromosome numlTcr as the last? 
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Thwe qucfitions tan im lie answfieil TIu' liin?i innis ot riiK^ sjTnii', i»r n;^ 
ifi the ihtii! sta^'.c of a lumt paHt-is ofionaitovi uii-tlivi'.f'U \t i;lii!i the iwr'. 
or ovaries, Aii of those divisioits ex.'ept 01:0 tai-.e ol.iee in tit;- ntasniof ulivaJy 
dcHcrihed, 'fhe last division hot one I'l'lnr.' the iouiinion id'flu* a'.-tiial rive 
jtameies is (miliar (Idi's. ■U!i* Jir,f hefi'ie this diei'ion, the iim'isiu- 
somes come to lie side by siiie iti (siirs—a j-wu-ss :;s ami 

durinj' the subsequent divisiiin, whni tlie s!.i,>;r correqHw.hne to 1 of 
Fig. 417 is reached, it is these pairs whicii h.c on the sf'indle, InMr.td o\' tl-.c 
chromosomes splitting in h,iivr,;.s is niinnally tlo' ca-.v, the 5 .iir<, nm part 
company, and one inemlvi of eavh pair ri>es into eavit i 4 lIs* dain.htir n-ib. 
Each of the resulting cells, aisi fhercti'rc -is tlie nest tlivi nou r, tvsh'/;Iy 
normal) cadi of the pametes, has mtly half the tmmK'r of ihionui'.itnim 
diaracteristic of the spades. At feriili/ati-'ii the tioruia! }i'niH,s.'r tlieidbse 
restored, 

ho every ordinary t:di of an individml nri'.anism less u usMvso'omr set 
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of which half the mcnik'is ,arc iciicrnal in origin mu! Iwlf maiertud. t« hoth 
sexes the ri'diulmi divi-.'}!, a-, ilii'* exu-piional diviMuii tii the tiudcus n 
termed, tmirs in fh»‘ same w.:v, In the male it c. folhnvcvi by division nl the 
rest of the cell, and isuh dauejuer tdl divi-Ls again m the nomial 
so that fmir sf.'cnns, cadi wnh lt,ih the ispivai dnomostiurc nunilw, result 
fl'ig. 41 ',i), In the female, although the muknn dividc-i nviet, jnst is it iisjes 
in the male, the rest nf tlu’ u-1! dtrs nm divide, ihrly one of the four result¬ 
ing ntidci is rcuuned within the egg u-11; fht* other three arc atruded and 
degenerate, amstituting the so-!.died >',isrhylu'i rig. dtJu). 

In many animalK and plants tt is jmssiMc to slisongunh, among the chrororj- 
somes, pairs of dilfercnt sires and sluii'e-.-this n the ca*»e, for mirt«cc, in 
the fmit'Iiy !)mophih"‘'md w h phstbk to &cc that each pmetc waiTOi 
cmc rcprcsentaiivc of each of the linir pain ul {bfomowmes prtmtt in tmU- 
nary cells (big, Thus the nucleus d' the ferttlircd divicb so ihi? 
the daughter nuclei of' the fint cleavage rtccivcti iwti fcprcwrnuitives demth 
psir of chromosomes. Cell divisiom follow in rapid sucrmioiB durtof ik 
up*baikliiig of the embryo, nms each ccU of an individual fniii*8y cmism 
four pairs of chromosomes, one member oj' each pair tkrived from tk father 
and the other from tk mother, As the mult of redutiwm «it pmste 
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I if,.-ivi‘s ii!k' ct'mpiav-ni nf o:ali p:iii, tliai is to ssiy, with mpcci to each pair 
} of ihronumiws ihe faim/tion of the pauaie}! hmdm ilw sejP'ifpUm of its 
1 pattiti.d iind m.;rir)ktl aontvHfitii. \\V shall find later that this is of the 

I iitiiinn iu-lp ill uiKler.t.nidinp how lu proiliicc new varieiks and hreds by 

hvl’iiiii/v.tiou, 

In the linii 41 v thvro i- .iuoilu'r fcaiiirc whicli calls for further comment, 
This is thr t'sisuuKc, as in ni.my anim.ils, tif one unequally mated pair of 
dHoiimsonii's, (Ik* XV p -ir, 'ATen this occurs, it ou'ius in one sex only; in 
the alfctnativ!* t. thtne is ,i loite'ptuidinn equal (siir tXX}. In birds and 
I l.cpidoptrr.i -b:!!! oiiti's .iiiJ liU'fh die lemale is tls: XV, the male the XX 
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indtvidod, Vfith suflicicntly careful mamrement the male is usually found 
in other tmmwh to have an unequal (XY) pair which is equally mated in the 
female (XX). 

'iKs was iirst noticed, kcause »me animals were found to have an odd 
number ol' chromosomes in one sex, 'i’his seemed to conflict with the 
numcrial constancy of the chromosome's. In the early years of the present 
century tk American Milogists provided the key to an understanding of 
the discrepancy, In all such cases the other sa lias one more chromosome, 
'fk nmle of Pmpbnm mmm, the large cockroach which haunts our 
biikc-kiM, baa lid, the female 114 chromosomes, 'fhe eggs all have 17 
chfomowmes, one half of the sperm have 17 the odicr half III chromo,some3. 
If a spam of' tk former ckss fertilizes an egg, the individual produced will 
be a female (17 T 17 IH), and if a sperm of the second type fertilizes an 
t’jig, the individual produced will be a male (17 + 16 =» 36). 

Similarly with ik XY diromosomes, Ik male of the human'species 
has I'll equal pairs and I unequal pair (XY) of chromosomes in the unreduced 
nudd, Uus two types of sperm arc produced, X^karing and Y-bcaring 



















inwuciiii^, the ()!ht*r inak* pivnlikini;, ‘Ihs* 
iitiun !it;i in wd! with numy Innlui’iciil liiif*", 
wk'iil Jitit'H i>ije nf whidi will 

discussed at length later. The other nuiv lx; riuaiiiwied here. In 
having an XY pair in the male, mcasurenient tif the s|x;rni lieads slim\*s th-tt 
the sperms arc of two dilferent siiti's. Hiis suggests that it may k* jHwsIble 
eventually to separate seminal fluid into jxirtions ttuitainittg predominantly 
one or other type oi sfUTiiij the X-karing or Ydx'armi'.. If this eould hr 
done the control of the sex ratio would k e.sperimem'a!ly rcali/rilde. Rccciit 
experiments in Moscow record success with tlic semituil iiiiid of raldhtH. 

Some of the new discoveries which have come from the study tif iertiin; 
tion, sex, and allied problems Ojxm up ratiit'a! atui iar-reai’liing {sissihilftn' :. 
in biotcchnolttgyj tliougli tis yt-i tliey have had tin practical appheamms, T lie 
rabbit’s egg can now fx* tnade tu tlovelop without sfH'rm .is far as the holhvA 
ball stage. It can Ik gonvn Isy tissue ctiiiitre mefluHis omside the 1 h%Iv 
of the mother till the heart fxgimi to gonv. From wh.it we Fiinw ofHflirr 
animals it Is luotialilc that mammals produced by p.iithrnog«ie.'is 
would always k* fetnaks. If flu; fahimjue were {Hufeded, the h.illottf .1 
associations of' this methot! of pitHtaption might citcourugc the fashhnt 
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or into sus|)tmsio® of eggs, N bccti frequently used k various classes of 
biologkil enquiria as a subtitutc for nofMl sexual intercourse. 

During the past two dcada the Government of the U.S.S.R. has given 
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cated animak in a fertile condition for sonic day,s. Hence small phials 
ut vcmiaal fluid from the best pedigree oxen, horses, etc., can be distributed 
by air mail over a wide territory for the fertilization of females. The prac- 
lioc of breedii^ by aniftcM insemination with semen of exceptionally 
higb quality sites is widely used m the U,S,S.R„ has been taken up in the 
United Sesics, and is beginning to be used in Britain, where 8111411*80810 
private cnterpriiNS itaouns a stumbling-block to extensive biotcchnical pro- 
git®, Tk U.S,S,R. is also applying the method of artificial insciainatioo 
to selection, of tk b«. This anim^ has been used by man for miUeimia 
without any attempt to improve k semin by active interference of a kind 
which hw stet with cxirtoiKliwiry empirical suct^s k his deaHnp with 
other domorticsted species. There is little doubt that artifidai ksemkation 
will make pcmible improvement in the quality of stock with unexampled 
rapidity. We may also antidpaie that the advantx wIU be conspicuous where 
society is organked as k k Soviet Union to take advantage of new bio- 
technical kvttitioft# 
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CHAr’i’HU .XVIII 

. THE MICROBE IIUNT'ERS 

TiJEiniiuediiitceltcclonht- imukluciinn t-; !!{•,; i!r.t u'!!** -uit.l 
was to cocoiiraf^i: closer scrutiny into the prua-'-'n’s < >! U'puHincfiHn. *1 he dt^rdic 
of spontaneous gennalion, as appheJ tu pliints and amawh tU visible dimvn- 
sions, succumW in the ensuing century, llesidi/s jiiusUinji new light on the 
material basis ofrepriKiuciinn, the minute suuciuie tif the athmal uiul plant 
body, the niicroscu{>c also revealed a world of organisms whose e,\istenve 
had been hiilitilti unsusj’txtcd, -Sn.ne td’thetn -like the SJU.illcr wafer “llcas*’ 
(Fig, 422) or minute cnistaa'a in pends atid the surface of sea w.uer--wcifi 
only niimaturc examplesitl'a type tU buddy tugasiiratiim alteadv well knussn. 
Others were new tyfKs with a cumj'iex Isovlily organi/mion, having tkmiliar 
chatacteristb, though exhii'ifmg an nmrely new grneia! jdatt, Sudg lor 
instance, were the wheel aniimdcules or Kt.'/f/fro ot pond water ',p, In 
addition to these there was a duss ul'urganisms totally unlike any previously 
known, (Ircatarcs klongitig m tiiis last cairgui y, now udkefively descr ikd as 
Protisliti in cttniradistinction to unitmtls and plants ns tk words arc usually 
employed, were found to ap{>car in great nuinkn in brtiths, mlusroas of 
organic matter, like pepper and spices, or irt water in which hay has t«en Idt 
to soak, especially if coniambaicd with pond water, thhera were {bund to 
multiply in niin water left in tuk. They had no atruciuits rcnanitticntof ik 
.scto! organs of known animals and phints. 'Fbey niuitipltcd pr'Migiuu»ly in 
suitable media, and being su minute they appeared tu fotttc hum mm-kre. 

'I’hc ideology of primitive sanitation tsec p, hit)) made its last stand con- 
ccitiing the geucraiioti of the Frotisia. Its overthrow h a.ss«,'tatcd csiwally 
with the work of two men, the variety of whoa coniribuiiofts to scanue is a 
noteworthy and instructive commentary on the stKial kikgmund of (Name, 
()ac was Spallanzaai. The other was Fastcur, Itotb workvl ia France, 
Separahd by tJircc-quartcrs of a century, their rcsjjcviivc failure and 
sucatss is an eluc{Ufint tribute to the debt which the most gilkd I’ontriburnn 
owe to their social environment, 

iWhtt, as wc should ddine these cratuna in the light of ik knowk^e 
which the compound raictosctijv amfexi, m </ tUmh One hJki m 

not fiiviM up into cdh, d'hcrc is not a very sitarp line o!' dimitm factwoea ik 
Frtttbia turd the simpler sptmgcs which arc littk nwe than cukmiei of umite 
units equipped witlr vibratilc cilia and cmkddcd m a felly, or hetwees ik 
Ffodsta and tk simpler plant hkc (Fig. and tk ttepier 
fungi tailed moulds (Fig. 4*30), ik simplest aninials and plants may la fia 
be looked, on as colonics or companies of which each cadi is compaiabk 
to a free living protisL On this account the Frokia m wtally spto of h 
“ umcdlulaf** or organtims. Sboe tk simpisst pterts 

have no separate organs to diiat5|ittsh them tky 4r« chiefiy ds^kd 
tk way they rqtroduoe. Partly for this resw end partly kause 
lilart^toui otpmisms disbtegrate bto separate alia ia immbk culture tiwk, 
many miettKirgaaisins will k found dmifted as ftus|j tsr aigs b ow* 
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fc,st .lUii uy. Fi'of!Mi;i in iinmlicr. Thus the ycasi: uigaiii'im, which is imkellular 
■"■"(1!' I’uii u'hiiliS’ ill U’C iiic tiioic precise icuii—is oiten citssihed ;is ii liingus 
bcliu!;'ju;t til suiuc I'lt-uj) as the iiiiklcw which |’'i'iii,h!uj.-i “ergot" of wheat. 

Some ui the large'.I i'ruii'.ia are ealleil Inpm'ia and tan just Ise seen with the 
miked eye. Tiie smallest visible with (lie best miciostopcs are called iHickrk 
It is dillicuit to convey their very lanall dimensions by a single iiliistratioii, 
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t-m. 'icc».-l-tti!K CoM-vtoN Twks of Lakok# Photista 
iAi A uirtti form, ulle.i (IldtmydonwfiiU!, which progrcsfies by the «itl of two tong 
eiik eluted tkecito; Itiur jfugcit in the cunjupuon of Atinitor pmetes. 

(Iff Pjimmceiium F'ihhI fcirtitlcs in clear droplets arc seen travelling round the body 
from the "giillet” to the place where faeces are discharged at a temporary opening 
in (tw sur&ts, The '‘conuaaik vacuole" get rid of surplus water whi^ his 
wcfcd me Of j?i«jisro by wmosis. 

(Q Aasock, wldch progrc-ws by a flowifig motiou in which temporary lobes of tlie 
body arc pushed out. Tba stajctoca k in the act of enclosing another Protist to 
fomr a food vacutdc in which digeskn will take place. 

(D) Vmt. Suewssive stages of budding arc seen, leading to tJie fonnatton of chains 
ofttofls. 

because they vary caonaously in si», A typical microbe is so small that it 
Would require about twenty-five fafflioo (26 millijon million) to balatia an 
ounce weight. Examples of bo th laige and small Promta were seen by Leeuwen¬ 
hoek, wk obsetyed that tky split in halves like ceUs of a devdoping cmbiyo. 
Some Protista imctc silittous or calcareous shells which arc superficially like 
laaii shells. The chalk » kgely made up of the minute shells of protists called 
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Fomminifm (Fig. 423). The commonest method of reproduction is the 
vegetative method of splitting or budding (Fig. 422, D). Sphtting into equal 
halves is characteristic of the Infusoria and the simpler organisms like the 
formless Amoeba (Fig. 422j c) v^hich are not covered with cilia like the Infusoria. 

A typical Infusorian of pond life is Paramecium (Fig. 422, b). This small 
organism can usually be found in mud. If samples of mud from several 
ponds are added to a little pond water in which a few bread-c^bs have been 
allowed to soak, Paramecium multiplies rapidly. After standing for about a 
day or two the mud at the bottom, when examined under the miaoscope, is 
found to contain little rapidly moving creatures. Each has the shape of a cigar. 
If you can observe one when it is not moving too quickly you will see that its 



Fig. i23 .—Shells of Radiolaeia and Foraminifera 


Some Protista which live freely in water surround themselves by siliceous (the Radio> 
laria) or calcareous (the Forammifera) shells of microscopic dimensions, or just large 
enough to be visible to the eye. The Chalk has mainly been formed by deposits of 
Foraminifera, whose dead shells accumulated on the sea bottom. 

movements are dueto fine flickering outgrowths called c^ia (because of their re¬ 
semblance to eyelashes—the Latin word). COia cover the whole body. Somewhat 
similar organisms (OpalmiBalantidium) etc.) can always be found living parasi- 
ticaUy in the muddy contents in the hindermost portion of the bowd of the 
frog. When such organisms as these have gone on feeding for a certain time, they 
become constricted about the middle, and gradually divide into two, just as 
a drop of fluid will divide into separate drops when it has reached a cermin 
size. Each half becomes a new individual and swims off on its own. Thus every 
Paramecium arises from another Paramedum. Like begets like is a rule that 
applies to Paramedum, as well as to ourselves. 

The yeast organism {Sacchromyces) is a small spherical cell with a thidc 
outer coat like the cells of a fungus or any other plant (Fig. 422, d). Itreproduces 
vegetativdy by forming buds, which become detached and grow to thdr M 
stature subsquently. In addition it forms resistant spores, by division of the 
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body substance within the cell wall into four cells which arc each invested 
with a tliicker wall capable of withstanding drought and germinating in a moist 
situation. This power of forming spores which many protista, including bacteria, 
possess accounts for their queer way of turning up when organic material such 
as broths-or Leeuwenhoek’s pepper suspensions—are left freely exposed to 
air in which the spores are blown about. Needless to say this could not be 
realized till ±eir reproductive processes were thoroughly understood, and the 
reproductive processes of the smaller protists can only be seen with very good 
microscopes. 

Before the researches of the pioneer microscopists of the seventeenth 
century Protista had not been known to exist. While it would be true to 
say that Leeuwenhoek discovered reproduction in the larger Infusoria in 
the sense that he observed and recorded it, it is quite clear that he did not 
understand that what he was observing was the way in which these creatures 
multiply. This conclusion seems to have been first reached in the middle 
of the eighteenth century by a French botanist de Saussure to whom John 
EUis, author of the first clear and comprehensive account of the Particular 
Manner of Increase in the Animalcula of Vegetable Infusions, acknowledges 
his indebtedness in 1769. There had been much controversy concerning 
the nature of Protista. In the first half of the eighteenth century it was 
not yet recognized that they were living creatures, and the issue was only 
settled when Spallanzani, who taught at Pavia in Italy, carried out an im¬ 
portant series of experiments in which he showed that the “organisms of 
vegetable infusions” are killed by exposure to drought, that they perish like 
tadpoles, frogs and salamanders at a heat of about 33“-36“C., that they are 
destroyed by vapours and fluids which poison insects, that some of thera- 
like Paramecium—can take in solid food and digest, and that,—as Spallanzani’s 
biographer and physician Tourdes puts it,—“the electric spark is a thunder 
clap to the animalcules of infusion ; not one of them survives the explosion.” 

About this time Needham, a Jesuit priest with a predilection for Aristotelian 
finalities, had sought to put the doctrine of spontaneous generation on a firm 
basis by showing that miao-organisms appear in vegetable infusions and broths 
which have been boiled to kill organisms and stoppered afterwards to prevent the 
entry of fresh ones. The heat used was insufficient. No microscopic check 
was made to see if the organisms had been killed, and porous corks were used 
as stoppers. From one baff experiment Buffon, the French naturalist, built up 
a mountain of metaphysics which dominated scientific teaching for a century. 
Spallanzani, who was acquainted with de Saussure’s observations, entered into 
a controversy with Needham, and undertook a re-examination of the issue. 
In his own words: 

I repeated that experiment. I used hermetically sealed vases. T kept them 
an hour in boiling water, and after having opened tliem and examined their 
contents within a reasonable time, I found not the slightest trace of animalculae, 
though I had examined with the microscope the infusions from nineteen vases. 

Although Voltaire wrote of the “ridiculous mistake, the unfortunate experi¬ 
ments of Needham, so trimnphandy refuted by M. Spallanzani. . . ” and 
declared that “it is now demonstrated to sight and to reason that them is no 
vegetable, no animal but has its own germ,” Buffon’s doctrine was generally 
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Foraminifera (Fig. 423). The commonest method of reproduction is the 
vegetative method of splitting or budding (fig. 422, d). Splitting into equal 
halves is characteristic of the Infusoria and tlie simpler organisms like the 
formless Atnoita (Fig. 422, c) which are not covered with cilia like the Infusoria. 

A typical Infusorian of pond life is Paramecium (Fig. 422, b). This small 
organism can usually be found in mud. If samples of mud from several 
ponds are added to a little pond water in which a few bread-crumbs have been 
allowed to soak, Paramecium multiplies rapidly. After standing for about a 
day or two the mud at the bottom, when examined under ±e miaoscope, is 
found to contain little rapidly moving creatures. Each has the shape of a cigar. 
If you can observe one when it is not moving too quickly you will see that its 



Fig. 423.—Shells of Radiolaria and Foraminifera 


Some Protista which live freely in water surround themselves by siliceous (the Radio¬ 
laria) or calcareous (the Foraminifera) shells of microscopic dimensions, or just large 
enough to be visible to the eye. The Challr has mainly been formed by deposits of 
Foraminifera, whose dead shells accumulated on the sea bottom, 

movements are dueto fine flickering outgrowths called cilia (because of their re¬ 
semblance to eyelashes—theLatinword). Cilia cover the whole body, Somewhat 
similar organisms (Opalim)Balantidium, Qtc.) can always be found living parasi- 
tically in the muddy contents in the hindermost portion of the bowel of the 
frog. When such organisms as these have gone on fe^g for a certain time, they 
become constricted about the middle, and gradually divide into two, just as 
a drop of fluid will divide into separate drops when it has reached a certain 
size. Each half becomes a new individual and swims off on its own. Thus every 
Paramecium arises from another Paramecium. h^ets is a rule that 
applies to Paramecium, as well as to ourselves. 

The yeast organism {Saccharmycei) is a small spherical cell with a thid 
outer coat tike the cells of a fungus or any other plant (Fig. 422, d), Itreproduces 
vegetatively by forming buds, which tome detached and grow to thdr full 
stature subsequently, In addition it forms resistant spores, by division of the 
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body substance witliin the cell wall into four cells whicli are each invested 


situation. This power of fomiing spores which many protista, including bacteria, 
possess accounts for their queer way of turning up when organic material such 
as broths-or Leeuwenhoek’s pepper suspensions—are left freely exposed to 
air in which the spores are blown about. Needless to say this could not be 
realized till their reproductive processes were thoroughly understood, and the 
reproductive processes of the smaller protists can only be seen with very good 
microscopes. 

Before the researches of the pioneer microscopists of the seventeenth 
century Protista had not been known to exist. WMle it would be true to 
say that Leeuwenhoek discovered reproduction in the larger Infusoria in 
the sense that he obseived and recorded it, it is quite clear that he did not 
understand that what he was observing was the way in which these creatures 
multiply. This conclusion seems to have been first reached in the middle 
of the eighteenth century by a French botanist de Saussure to whom John 
Ellis, author of the first clear and comprehensive account of the Particular 
Manner of Increase in the Animalcula of Vegetable Infusions^ acknowledges 
his indebtedness in 1769. There had been much controversy concerning 
the nature of Protista. In the first half of the eighteenth century it was 
not yet recognized that they were Hving creatures, and the issue was only 
settled when Spallanzani, who taught at Pavia in Italy, carried out an im¬ 
portant series of experiments in which he showed that the “organisms of 
vegetable infusions” are killed by exposure to drought, that they perish like 
tadpoles, frogs and salamanders at a heat of about that they are 

destroyed by vapours and fluids which poison insects, that some of them— 
like Paramecium—can take in solid food and digest, and that,—as Spallanzani’s 
biographer and physician Tourdes puts it,—“the electric spark is a thunder 
clap to the animalcules of infusion : not one of them survives the explosion.” 

About this time Needham, a Jesuit priest witli a predilection for Aristotelian 
finalities, had sought to put the doctrine of spontaneous generation on a firm 
basis by showing that micro-organisms appear in vegetable infusions and broths 
which have been boiled to kill organisms and stoppered afterwards to prevent the 
entry of fresh ones. The heat used was insufficient. No microscopic check 
was made to see if the organisms had been killed, and porous corks were used 
as stoppers. From one bad experiment Buffon, the French naturalist, built up 
a mountain of metaphysics which dominated scientific teaching for a century. 
Spallanzani, who was acquainted with de Saussure’s observations, entered into 
a controversy with Needham, and undertook a re-examination of the issue. 
In his own words: 

I repeated that experiment. I used hermetically sealed vases. I kept them 
an hour m boiling water, and after having opened them and examined their 
contents within a reasonable time, I found not the slightest trace of animalculae, 
though I had examined with the microscope the infusions from nineteen vases. 

Although Voltaire wrote of the “ridiculous mistake, the unfortunate experi¬ 
ments of Needham, so triumphantly refuted by M. Spallanzani. . .” and 
declared that “it is now demonstrated to sight and to reason that there is no 
vegetable, no animal but has its own germ,” Buffon’s doctrine was generally 
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accepted for the next hundred years. There were, he taught, certain primitive 
and incompatible parts common to animals and to vegetables. These particles 
cast themselves into moulds or shapes characteristic of diflerent beings. When 
destroyed by death, the organic molecules become free, over-active, reuniting 
to form a multitude of new organized bodies. The initial premises rested 
on unsound experimental foundations. Thereafter the argument proceeded 
according to rules of evidence which are still acceptable to economists and 
to the legal profession. 

The neglect of Spallanzani’s work can hardly be attributed to the lack of 
esteem in wldch his scientific work was held. He was perhaps the most truly 
nrigif ial experimental biologist of his age. He held successively two hnportant 
chairs at Reggio and Pavia, travelled and corresponded far afield, receiving 
many tokens of esteem and recognition throughout Europe. Born in 1729, he 
had the good fortune to study at Bologna where the professor of natural philo¬ 
sophy was his cousin Laura Bassa. This gifted and remarkable woman was one 
of the most singular personalities of the eighteenth century. In Bologna^ its 
History, Antiquities and Art by Coulson James, we are told that she occupied 
a university chair, worked at hydraulics and mechanics, and had twelve children 
to whom she was devoted. When she died at the age of 67, after attending a 
meeting of the Academia Benedittina on the previous evening, she was buried 
with great honour in her doctoral robes. Her young cousin and pupil was 
promoted to a chair at an early age, and in the space of forty years, ftom 
1760 till his death in 1798, he announced a succession of discoveries equally 
astonishing for their diversity and novelty. 

In relation to the immediate growth of biological knowledge he is note¬ 
worthy as one of the first workers to carry out systematic experiments on 
the role of the digestive juices. Under the impact of Lavoisier’s work he 
undertook a wide survey of the respiratory organs of the lower animals, 
and so established the fact that the intake of oxygen and excretion of cai'bon 
dioxide are well nigh universal characteristics of complex animals, though 
the machinery by which tire aeration of the blood is effected is diverse, 
Spallanzani performed the first experiments on the tactile sensations of 
bats which can thread their way through a network of strings when blinded. 
He executed the first experiments on artificial insemination. Besides experi¬ 
menting with the eggs of frogs, toads and silkworms, he injected into the 
vagina of a bitch, says Tourdes, “nineteen grains of semen taken from a 
dog of the same ted” and “had, after the ordinary time of gestation, the 
satisfaction of seeing her bring fortli several whelps, likewise of the same 
breed.” He made the daringly mechanistic discovery that, if luminous jelly 
fish are desiccated and ground to a powder, the latter will emit light when 
moistened. In his experiments on the regeneration of the head in decapitated 
snails, he also anticipated modern experimental technique by showing that 
reproduction by cuttings is not confined to plants.; ^ ^ 

With the exception of the first two, it may be doubted whether any of his 
brilliant contributions—many of them so far ahead of the time—exercised 
any direct effect on the subsequent course of science. When thb issue of spon¬ 
taneous generation was raised by Pasteur in a different social contexti^ sbludon 
was demanded by practical necessity, and further progress was erwed by the 
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fact Aat it immediately became the focus of a host of biotechnicai and medical 
applications in the manufacture of wme, beer and dairy produce, in the control of 
animal and plant diseases, in the conduct of surgical operations, the organiza¬ 
tion of hospitals, in vetermaiy inspection, sewage and interment control, 
notification of contagious and kifectious diseases, inmiunization and germ-free 
milk. It had ceased to be an ideological squabble between the advocates of 
the Aristotelian tradition and the rising school of French materialists. 

New mstriiments to allay any uncertainty were available to investigators. 
Though the larger bacteria had been seen, no satisfactory comparative survey 
of the Protista could be undertaken before achromatic lenses came into use. A 
classification of the bacteria appeared in 1838. In the fifties growing scientific 
interest in agriculture had directed attention to the reproductive processes of 
the cryptogams (algae and fungi).* Liebig’s work on the chemistry of living 
matter (Chapter XIX) had paved the way for analytical measurements of fer¬ 
mentation. Such was the social heritage from which Pasteur’s contributions 
drew their materials. 

Another significant fact in the social background of Pasteur’s work is that 
the Crimean war, from which the modern profession of military nursing dates, 
had focused attention on the problems of sepsis and of food preservation. It 
was in fact the first great war in which modem methods of food preservation 
were used. Bremner {Industries of Scotland, 1849) tells us; 

When Lord Anson reached Juan Fernandes with the Centurion, the 
Gloucester, and the Tryal, his united crews of 961 men had been reduced by 
I that terrible disease to 626, of whom only a small number were fit for duty j 

I and during last century a Spanish ship was picked up at sea with all her Crew 

‘ dead from scurvy. Cases of this kind might be mtdtiplied to show the loss 

of human life entailed by want of means for preserving provisions in a fresh 
; state. . . . . To such a height did scurvy attain in the navies and merchant 

shipping of Britain, France, and other countries, that the attention of the 
Governments was seriously roused to the importance of doing something to 
I remedy the terrible evil. The French Government took tlie initiative by 

j offering, in the year 1809, a premium for the invention of a process for pte- 

; serving meat, so that it would remain fresh for any length of time, and in any 

climate. In the following year, M. Appert came forward to claim the prizej 
and, after due investigation, he received £480 for the invention of a mode of 
preserving both animal and vegetable matter by subjecting them to a certain 
t. degree of heat and then sealing them in air-tight vessels. The principle of 

.1 Appert’s system of preserving was Imown and practised in tliis country for 

years before he was made famous as the supposed discoverer of itj but those 
who were acquainted with the process did not realize its importance, or dream 
of the application which he made of it. . . . M. Appert claimed to have dis¬ 
covered—“First, that Fire has the peculiar property not only of changing the 
combination of the constituent parts of vegetable and animal productions, but 

* Knight begins an address to the Horticultural Society in 1813 with the words 
“The little pamphlet upon the rustor mildewof wheatfor whichthepublicareindebtcd 
to the patriotic exertions of the venerable President of the Royal Society affords muci 
evidence in|proof that this disease originates in a minute species of parasitical fungus 
which is propagated like other plants by seeds” (i.e. spores as we should now say). H< 
! then refers to a paper of the same year controverting die prevailing view that rot fungus 

! is produced by ‘ ‘die remaining powers of life in the sap of the unseasoned wood.” 
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also of retarding, for many years at least, if not of desttoying altogether, the 
natural tendency of those same products of decomposition; secondly, that the 
application of fire in a manner vaiiously adapted to various substances, after 
having with the utmost care, and as completely as possible, deprived tliem 
of all contact with the air, effects a perfect preservation of those same pro« 
ductions with dl their natural qualities,” The operations by which fire is made 
available as a preserving agent are stated to be—first, enclosing in bottles the 
substance to be preserved; secondly, corking the bottles with the utmost ewe; 
thirdly, submitting the enclosed substances for a greater or less length of time 
to the action of boiling water in a water-bath; and fourthly, withdrawing the 
bottles from the water-bath at the period prescribed. ... In 1811 an English 
patent was taken out for Appert’s process of preservation. The patent was 
purchased for £1,000 by Messrs. Donkin, Hall and Gamble, who, in 1812, 
erected an extensive preservatory at Bermondsey, It is stated that, after a 
series of experiments made by the patentees for the purpose of testing the 
accuracy of the process, and ascertaining how far it might be made applicable 
in a general way for victualling the maritime service occasionally with fresh 
meat, they found that the system of preservation, so far as it had then been 
developed, was too defective and uncertain in its results to be made the vehicle 
of any safe or profitable commercial enterprise. They then made some experi¬ 
ments with vessels of tin, and these were so successful that the art of preserving 
food was reduced to a certainty. No sooner was the possibility of preserving 
provisions demonstrated by this firm, than the ships of the navy and of the 
East India Company were supplied with some of the prepared food; and soon 
a happy change became apparent in the health of those on board. Emigrant 
ships were subsequently ordered to carry certain proportions of preserved 
meats, and now no vessel sails on a voyage that is to extend beyond a few days 
without having such stores in the lockers. The meat-preserving trade has 
assumed large dimensions; and the method adopted by Messrs. Donkin, Hall 
and Gamble is that now followed (with certain modifications in the details of 
the process) in the great preservatories which supply the shipping of all 
nations. The meat-preserving trade was introduced into Scotland in 1822, 
when Messrs. John Moir and Son began business in Aberdeen. . . . During 
the Crimean war they executed several large contracts for the British and 
French Governments. 


OPTICAL ACTIVITY 

Although Pasteur’s name is associated with an impressive range of dis¬ 
coveries which have enriched the theory of “pure” chemistry and “pure” 
biology, it is hardly too much to say that he never took up an enquiry which 
was not immediatdy rdated to dominant technological issues connected with 
the tprbniral and medical problems of contemporary France. In the greater 
part of his life-work the funds which made his work possible were spofifically 
given by those who sought bis practical assistance. Pasteur’s earliest researches 
were directly related to the wine industry which became an important factor in 
national prosperity under the regime of Napoleon III. By the Gladstone agree¬ 
ment of 1860, the English undertook to drink French liquors in return for an 
agreement wHch, in effect, committed the French to wear Lancashire petti¬ 
coats. His first important contribution was a study of the crystal form of 
tartaric acid which is an important by-product of the wine industry. He created 
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a new branch of chemistry by showing how the pictorial formula of an organic 
compound is related to its crystalline shape, and how both are related to the 
effect which crystals exercise on polarized light (p. 333). 

In Chapter X no reference was made to one of the most fruitfiil results 
of the molecular models based on applying the principle of valency to the 
behaviour of radicles in the carbon compounds. This directly arose from ; 
Pasteur’s work on tartaric acid. In the course of it he discovered the pheno¬ 
menon of optical actmty in organic compounds. In Chapter VI the peculiar 
behaviour of light when it has passed through certain mineral crystals such as 
fluorspar or touimaline was described to illustrate the usefulness of the wave 
metaphor. A beam of light which has passed through a crystal of tourmaline 
win not pass through a second crystal if its axis is at right angles to that of 
the first. If we look through the second as we rotate it through 180° from the 
position in which the two crystal axes are parallel, the light becomes dimmer, 
disappears, and finally regains maximum brightness. 

When a solution of some organic compounds is placed between the two 
crystals, the “plane of polarization” is shifted. That is to say, we iiave to 
twist the second crystal a Httle farther or not quite so far as 180° to pt 
maximum brightness again. Such compounds are said to be optically active. 
Pasteur found that crystals of tartaric acid salts are not exactly alike. One 
type of crystal is the mirror image of another. The positions of their faces; 
are reversed from left to right. This inversion is associated with the fact 
that they show opposite types of optical activity. If a solution of one is 
placed between two tourmaline crystals with parallel axes, one of the latter 
must be rotated to the right to get maximum brightness. When the other 
solution is substituted it must be twisted to the left to get maximum : 
brightness. Many common organic compounds, such as cane-sugar, have; 
this characteristic. Since the angle of twist depends on the strength of the, 
solution, the polarimeter, an instrument which is simply an amngement i 
for rotating one of two polarizing crystals,can be used for quantitative analysis: 
of their solutions, , i 

Many substances which do not differ with respect to any very obvious | 
chemical properties, twist the plane of polarization in opposite directions.: 
Various drugs obtained from plants and drug-hke substances (hormones) ; 
produced in the animal body are optically active. The natural form nearly; 
always twists the plane of polarization leftwards. Their synthetic twins of; 
the modern drug house nearly always twist it to the right. The left-handed ^ 
or natural twin is nearly always much more effective in its action on the; 
body as a poison or as a stimulant.* Several recent detective novels, such | 
as The dommenh in the Case by Dorothy Sayers and Robert Eustace, have | 
exploited this theme. y . . I 

Pasteur himself did not provide the clue which is contained in the picture > 
'formula. Substances with the same constitution and similar chemical proper¬ 
ties exist in different optically active forms when, and only when, tliey 
contain at Imt one carbon atom attached to four different radicles. Thus the i 

* The existence of the Deity <?an no longer be deduced from this circumstance 
alone. Some natural right-handed twins exist and some left-handed twins have been 
synthesized successMly. 
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picture formula for lactic (p. 661) acid conveys the information that it must 
have optically active forms, when it is set out in the following way; 

CPL OH 

V 

A 

H GOOH 

THE NATURE OF FERMENTATION 

In these early researches Pasteur toured the wine manufacturing centres of 
Europe for material. His motto in research put into o±er words what Karl 
Marx called the unity of theory and practice. “Without theory, practice is 
but routine born of habit” were the words he used when he was appointed to 
a chair in the University of Lillfr-“overjoyed,” says his biographer, “at being 
able to do useful work in that country of the distilleries.” Of his public audiences, 
he asked, “where will you find a young man whose curiosity and interest will 
not immediately be wakened when you put into his hands a potato, when with 
that potato he may produce sugar, with that sugar alcohol, with that alcohol 
etlier and vinegar.” 

The reports of the Academy of Sciences for 1861 include a short memoir 
by Pasteur on the yeast of beer. In it Pasteur recorded experiments which 
show: 

1. Yeast organisms placed in some sweet liquid in contact with abundant 
ak assimilate oxygen, multiply rapidly and produce an insignificant quantity 
of alcohol. The weigk of sugar used up as compared with the weight of the 
organism—which can be easily determined by separating the latter with a 
centifruge—is very smaU. 

2. Yeast organisms placed in a sugar solution without air produce alcohol 
at the expense of the sugar in large quantities. 

“Acting out of reach of atmospheric oxygen,” concluded Pasteur, the yeast 
“takes oxygen from the sugar, that being the origin of its fermentative 
character.” Subsequent studies shewed tliat various moulds like Mucor and 
PenicMum which grow on bread, jam, cheese, etc., have the same power of 
switching over from ordinary respiration to “amrohk** or kitra* 

molecular extraction of oxygen when deprived of air, and their power to 
effect the decomposition of the materials on which they grow specially depends 
on this. ^. 

A new understanding of putrefaction was now inescapable, Fermentation 
is the name customarily given to decomposition of organic matter by micro¬ 
organisms like the yeast organism or the cheese bacteria when the end products 
are suitable to human consumption. So soon as Pasteur was able to shew that 
vinegar is produced iu wine and that butyric acid is produced in rancid butter 
by the activity of a living organism, the next step was self-evident. Putrefaction 
is merely the name we have been accustomed to give to anaerobic respiration of 
miao-organisms when we do not use the end products. The extension of the 
new doctrine to sepsis and thence to infection seems equally inevitable in 
retrospect, and the persistence with which Pasteur continued to explore it in the 
face of violent personal attacks horn the French medical profession, illmiiates 
the important truth that great advances in science are less dub to great iutdleo- 
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tual subtlety than to steadfastness of aim and a robust pmtiality for unsavoury 
particulars. 

If mildews and moulds could produce poison in the decomposition products 
from dead organic matter, might not the harm which resulted from the presence 
of nuldews Ike the rusts or smuts of wheat or tlie various fungus pests of the 
orchard—mentioned in the Royal Society’s Heads of Enquiries in 1665—be 
due to their power to liberate similar poisons in the plant body? If so, may not 
the poisomng which is accompanied by pus formation at cut surfaces of the 
a uiiTifll body be due to the fermentative activity of tlie hosts of miao- 
organisms which are found in the pus itself ? A4ay not the apparently spon¬ 
taneous character of infection and contagion be due to the fact tliat the parasites 
unlilte mildews are invisible to the eye ? 

The clearest answer to all these questions lies in the new body of social 
practice which has arisen from and constitutes the testing-out of the theory. If 
putrefaction is a fermentative activity of miao-organisms, it is not a necessary 
accompaniment of death. All that is necessary, if we want to prevent it, is to 
stop the growth of the miao-organisms. The modem industry of tinned and 
canned foods is a practical demonstration that this is so. Likewise, if suppura¬ 
tion of wounds is due to local putrefaction, the way to prevent it is to kill all 
miao-organisms in the vicinity of the cut surface or exclude them from it. 
The record of surgical mortality vindicates the tmth of the inference. The 
various steps in the subsequent history of the problem of infectious and con¬ 
tagious diseases were successively and successfully put to the test of social 
practice in this way. 

THE FINAL OVERTHROW OP THE ARISTOTELIAN DOCTRINE 

A necessary prelude to further advance was to clear the site for the new 
foundations. The spontaneous generation of the smaller micro-organisms was 
still accepted by all the leaders of science in spite of Spallanzani’s work. The 
neglect of the latter is readily comprehensible, if we recall the fact that it 
had produced no impress on the social practice of his generation. Aided by 
greatly improved microscopes which Spallanzani’s generation did not possess, 
Pasteur now began enquiries into where the micro-organisms of putrefactiou 
and disease come from and how their multiplication is accomplished, Valery- 
Radot describes this phase of his work in the following passage : * 

Pasteur began by the microscopic study of atmospheric air, “If germs east 
in atmosphere,” he said, “could they not be arrested on their way?” It then 
occurred to km to draw—through an aspirator—a current of outside air 
through a tube containing a little plug of cotton wool. The current's it passed 
deposited on this sort of filter some of the solid corpuscles contained mtiie airj, 
the cotton wool often became black with those various kinds of dust. Pasteur 
assured himself that amongst various detritus those dusts presented spores and 
germs. “There are therefore in the air some organized corpuscles. Arc they 
germs capable of vegetable productions, or of infusions? That is the question 
to solve.” Pie undertook a series of experiments to demonstrate that the most 
putrescible liquid remained pure indefinitely if placed out of tlie reach of 
atmospheric dusts. But it was suificient to place in a pure liquid a particle of 
the cotton-wool filter to obtain an immediate alteration. 

* TAi Lty? a/Pasfewr (Constable & Co.). 
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Pasteur’s results were hotly contested by his contemporaries, notably 
Pouchet who invoked authority, which Browne called the “raortallest enemy 
unto knowledge and that which has done the greatest execution upon truth,” 
The doctrine of spontaneous generation had been adopted of old by men 
of genius, said Pouchet, and, besides, how could germs contained in the air 
be numerous enough to develop in every organic infusion? Such a crowd 
would surely produce a thick mist, dense as a metal. Pasteur set himself to 
explore this objection. Radot’s account continues: 

Pasteur let them laugh whilst he was preparing a series of flasks reserved 
for divers experiments. If spontaneous generation existed, it should invariably 
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Fig. 424.—One of Pasteur’s Experiments 


occur in vessels filled with the same alterable liquid. “Yet it is ever possible,” 
affirmed Pasteur, “to take up in certain places a notable though limited volume 
of ordinary air, having been submitted to no physical or chemical change, and 
still absolutely incapable of producing any alteration in an eminently putres- 
cible liquor.” He was ready to prove that nothing was easier than to increase 
or to reduce tlie number either of the vessels where productions should appear 
or of tlie vessels where those productions should be lacking. After introducing 
into a series of flasks of a capacity of 250 cubic centimetres a very easily cor- 
ruptedliquid, such as yeast water, he submitted each flask to ebullition. The neck 
of those vessels was ended off in a vertical point. Whilst the liquid was still 
boiling, he closed, with an enameller’s lamp, the pointed opening through 
which the steam had rushed out, taking wiA it all the air contained in the 
vessel. Those flasks were indeed calculated to satisfy both partisans or adver¬ 
saries of spontaneous generation. If the extremity of the neck of one of these 
vessels was suddenly broken, all the ambient air rushed into the flask, bringing 
in all the suspended dusts j the bulb was closed again at once with the assist¬ 
ance of a jet of flame. Pasteur could then carry it away and place it in a tempera- 
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tore of 25-30'’ C., quite suitable for the develupsieat of uii4 r.mcuis. In 
those series of tests some flasks showed some alteration, others jemained pure, 
according to the place where the air had been admitted. During the berimiing of 
the year 1800 Pasteur broke his bulb points and mdoseu ordinaty air in many 
different places, including the cellars of tlio Obsea-atory of P^ris. There, in tliat 
zone of an invariable temperature, tlie absolutely calm air could not be com¬ 
pared to the air he gathered in the yard of the same building. The results were 
also very different: out of tea vessels opened in tlie cellar, closed again and 
placed in the stove, only one showed any alteration; whilst eleven others, 
opened in the yard, all yielded organized bodies. . . When the long vacation 
approached, Pasteur, who intended to go on a voyage of experiments, laid ir 
a store of ^ass flasks... Pasteur started for Arbois, taking witii him seventy- 
three flasks; he opened twenty of them not very far from his father’s tannery, 
on the road to Dole, along an old road, now a path which leads to the mount of 
the Berg^re. The vine labourers who passed Mm wemdered what this holiday 
tourist could be doing with all those little phials. . . Of those twenty vessels, 
opened some distance away from any dwelling, eight yielded organized bodies. 
Pasteur went on to Salins and climbed Mount Poupet, 850 metres above sea- 
level. Out of twenty vessels opened, only five were dtaed, Pasteur would have 
liked to charter a balloon in order to prove that the higher you go the fewer 
germs you find, and that certain zones absolutely pure contain none at all. It 
was easier to go into the Alps. He arrived at ChMuonix on September 20, 
and engaged a guide to mkc the ascent of the Montanvert. . . The next 
morning, twenty flasks, which have remained celebrated in the world of scien¬ 
tific investigators, were brought to the Mcr de Glace. Pasteur gathered the air 
with infinite precautions; he used to enjoy relating these details to those people 
who call everything easy. After tracing with a steel point a line on the glass, 
careful lest dusts should become a cause of error, he began by heating the neck 
and fine point of the bulb in the flame of the litdc spirit-lamp. Then raising 
the vessel above his head, he broke the point with sted nippers, the long ends 
of which , had also been heated in order to bum the dusts which might be on 
their surface and which would have been driven into tlw vessel by the quick 
inrush of the air. Of those twenty flasks, closed again immediately, only one 
was altered. 

Several decades elapsed before imcroscopic observation was able to 
demonstrate the life history of the smallest bacteria and to show how they 
propagate by simple division. A year after the experiments just described 
Pasteur devoted his time to the study of putrescence. He showed that butyric 
acid is formed when butter becomes randd through the activity of bacteria 
which need no oxygen and are in fact kied by etccss of oxygen. Thus a 
stream of ftesh air suffices to protect against the invasion of the_ microbe. 
He proved that production of vinegar from vtine is alway.s associated with 
the presence of a micro-organism and that wine can therefore be prevented 
from becoming sour by keeping it for a short while at a temperature 
sufficient to kill the microbe. Radot tells us that in 1864 : 

As he had more particularly endeavoured to remedy the cause of the acidity 
which often ruins the Jura red or white wines in the wood, the town of Arbois, 
proud of its celebrated rosy and tawny wines, placed an impromptu laboratory 
at his disposal during the holidays of 1864; the expenses were all to be covered 
by the town.... The problem consisted, in Pasteur’s view, m opposing the 
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development of organized ferments or parasitic vegetations, causes of the 
diseases of wines. After some fruitless endeavours to destroy all vitality in the 
germs of tliese parasites, he found that it was sufficient to keep the wine for a 
few moments at a temperature of 60“ C, to 60“ C. “I have also ascertained that 
wine was never altered by that preliminary operation, and as nothing prevents 
it afterwards from undergoing the gradual action of the oxygen in the air— 
the only cause, as I think, of its improvement with age—it is evident that this 
process offers every advantage.” 

MICRO-ORGANISMS OF DISEASE 

The results of these researches soon bore fruit in promoting the fortunes 
of the French wine industry. Further researches on the diseases of wine were 
curtailed by an incident which eventually turned his attention to the diseases 
of human beings. An epidemic was ruining the silkworm industry of France. 
It had begun in 1845. Successive batches of eggs from different localities 
had proved to be infected till in 1864 healthy stock to replenish the ravages 
of disease could only be imported from Japan. The armdissmmt of Alois 
alone lost 120 million francs in fifteen years. Pasteur was commissioned by 
the French Government to report and to undertake research on it. Having 
accepted “full of ardour for the new question of silkworm disease as I was 
in 1863 when I took up the wine problem,” he was lionized by the Empress 
Eugenie. He succeeded in identifying a new micro-organism as the agent of 
the silkworm epidemic and prescribed a successful method of microscopical 
examination of the laying moth, so that no eggs from infected ones should be 
used for rearing fresh caterpillars. 

France and Germany were at war five years after the invitation to under-’ 
take this investigation was issued. Paris was besieged. Radot says: 

Those who visited an ambulance ward during the war of 1870, especially 
those who were medical students, have preserved such a recollection of the 
sight that they do not, even now, care to speak about it. It was perpetual agony, 
The wounds of all the patients were suppurating, a horrible fetor pervaded the 
place and septicaemia was everywhere. . . During the siege of Paris, in the 
Grand Hotels which had been turned into an ambulance, Ndlation, in despair 
at the sight of the death of almost every patient who had been operated on, 
declared that he who should conquer purulent infection would deserve a 
golden statue. , ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

The war of 1870 brought to a climax a situation which, judged by modem 
standards, seems almost incredible. The surgeon of the first half of the 
nineteenth century came to the operating table in everyday attire customarily 
supplemented wiih a sort of overall coat which was stiff with the coagulated 
blood of his victims. So long as it was necessary to engage, the services of 
several strong men to hold the victim in a more or less intoxicated condition 
following a liberal potation of rum, there were practical impediments to the 
heroic exploits which followed the introduction of anaesthetics. De Quincey’s 
classic reminds us that by the end of the eighteenth century knowledge of 
opiates which had been used from earliest antiquity m the Mediterranean 
and' Oriental civilizations had become widespread in Europe. No doubt the. 
“New Humanity” helped to stimulate the search for more adequate mean* 
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I of diminishing unnecessary suffering, while the new chemistry was placing 
a new array of substances at the disposal of the medical profession. Davy, 
who first ascertained the composition of nitrous oxide, himself recommended 
its use as a dental anaesthetic after repeated expermients on his own 
person. It was not used in his own country until American medicine had 
popularized the use of anaesthetics. 

The story of anaesthesia is thus told by Dr. Fishbein in Frontiers of Modern 
Medicine ; 

Down in Jackson County, Georgia, many miles from a railroad, toward the 
end of 1841, Dr. Crawford Williamson Long was practising medicine. He 
was a graduate of the University of Pennsylvania in 1839. He had studied 
abroad and was recognized as a competent physician. Occasionally young men 
j and women meeting at parties would try the effects of inhaling effier purely 

I as a form of amusement. Dr. Crawford Williamson Long took part in such 

‘ parties. In the early months of 1842, there came to his office a young man 

I named James Venable who had suffered for some time with a tumor on the 

j back of his neck and who was in great fright over any attempts to remove this 

I tumor by surgery. Doctor Long persuaded the boy to inhale some ether and 

j removed the tumor so that the boy was without pain. Later Doctor Long cut 

j another growth from the neck of James Venable. He then removed two fingers 

from tlie burned and mangled hand of a Negro boy, the first finger without 
ether, the second while the boy was unconscious from inhaling the sleep-pro¬ 
ducing fumes. . . . In the meantime another investigator in Massachusetts 
was testing the effects of ether in stopping pain. Dr, William Thomas Green 
Morton, a dentist who was studying medicine, had observed the attempts of 
another dentist, Dr. Horace Wells, to use nitrous oxide gas to stop pain during 
an operation. Those early attempts had failed. A public demonstration in the 
I Massachusetts General Hospital had proved a fiasco, and no one had faith in 

j the use of nitrous oxide. Then Morton asked the famous physician, chemist 

’ and geologist, Dr. Charles T, Jackson, if he Iniew of any substance that might 

have a more lasting effect. Doctor Jackson suggested to him that he try sulphuric 
ether. On September 30, 1846, Doctor Morton extracted a tooth painlessly 
from the mouth of Eben Frost who had previously inhaled some ether. Two 
weeks later he was given an opportunity by Dr, John Collins Warren to demon¬ 
strate the effects of ether during an operation in tlie Massachusetts General 
Hospital. It is the morning of October 16, 1846, The scene is the Operating 
room in the hospital where Doctor Warren is getting ready to operate. He is 
dressed in his best with striped trousers and a long coat. ... In those days 
the surgeon had a coat which he wore constantly at operations so that, like a 
butcher’s garment, it became stiffened with dried blood and could almost stand 
of itself. Near the operating table stood the attendants who were 'employed 
ordinarily to hold patients on the table. Other doctors and assistants awaited 
anxiously the beginning of the demonstration. . . . For some reason Doctor 
Morton was delayed., The patient had come for an operation oq a congenital 
but superficial vascular tumor just below the jaw on the left side of the neck. 
Suddenly Doctor Mortop entered the room. He had been delayed attempting 
to perfect a new inhaler. As he came into the room. Doctor Warren said, 
“Doctor Morton, your patient is ready,” Doctor Morton at once proceeded to 
apply the ether through his inhaler. The patient.breatheil'deeply. He lost 
consciousness. Then Doctor Morton turned to Doctor/Warren and said, 
“Doctor Warren, your patient is ready.” The operation.proceedcd. A breath- 
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less silence pervaded the room. It was obvious to all tliat the patient was free 
from pain. The tumour was dissected out in five minutes. After the operation 
was completed and the patient came back to consciousness. Doctor Warren 
turned to those who were present and said “ Gentlemen, this is no hum¬ 
bug.” .... One month later, the great Oliver Wendell Holmes, writing to 
Morton, said : “My dear Sir:-“Everybody wants to have a hand in a great 
discovery. All I will do is is to give you a hint or two, as to the names, or tbe 
name, to be applied to the state produced and the agent. The state should, I 
think, be called ‘anesthesia.’ This signifies insensibility.” Thus was born the 
great discovery of the use of ether as an anesthetic. To Dr. Crawford Williamson 
Long goes the credit for first using it in an operation. To Dr. William Thomas 
Green Morton the credit for bringing it to public attention, and for discovering 
independently its usefulness. ... To Dr. John Collins Warren goes the 
credit for first using it m a major operation and to Dr. Oliver Wendell Holmes 
the credit for giving anesthesia its name. ... A few months later. Sir James 
Young Simpson, professor of obstetrics at Edinburgh, used ether in a case of 
obstetrics for the first time in Great Britain. However, after ±e passing of a few 
months he was led to change from ether to chloroform as an anesthetic for 
obstetrical work and did much to popularize the use of chloroform in Great 
Britain. 

The newest anaesthetics such as the barbiturate “evipan,” which induces 
deep sleep within about five seconds after a completely painless intravenous 
injection, have eliminated the unpleasantly protracted period of anticipation 
wiiich was incidental to the earlier methods of inhalation. The patient may 
now be rendered unconscious in his bed and wake with no knowledge of his 
presence on the operating table. In the long run anaesthesia has proved to be 
an immense boon. Its first effect on the contrary was a record of Mure which 
is almost unbelievable in retrospect. One reason for this is easy to see. Ex¬ 
perimental physiology had rapidly advanced during the first half of the nine¬ 
teenth century. It so happens that many animals, especially the rabbit, which 
—partly on that account—is a favourite subject for laboratory work, do not 
readily succumb to post-operative infections and suppurating wounds. 
Emboldened no doubt by the ease with which drastic operations can often 
be carried out in the laboratory, the surgeon was now free to undertake feats 
which he could not attempt with patients who struggled under the knife. 
Many unwittingly helpful precautions of a disinfectant nature had dropped 
into desuetude. The generd mortality from operations rose steadily, so ±at 
in 1868 it was higher than 60 per cent. 

Two empirical discoveries based on the study of hospital practice paved 
the way for the advances which rapidly followed the devastating experience 
of the Franco-Prussian war. A few years earlier a new routine had been intro¬ 
duced into maternity wards of Ae Vienna hospital by Semmelweis,’^ a 
Hungarian physician. He had gained the impression that the disease known 
as puerper^ fever, which at that time commonly followed childbirth with 

* At the Manchester Infirm^, Dr. Charles White, who wrote, in 1773, a work 
“Onthe Management of Pregnant and Lying-in Women and the means of curing but 
more especially of preventing the principal disorders to which they are liable,” msti- 
tuted similar precautions, but neglected through lack of any theoretical body of 
knowledge to justify them, This illustrates another side of the “unity of theory and 
practice.” 
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fatal results, was more common in wards attended by students than in wards 
from which they were excluded. He also noticed that a form of septic poison¬ 
ing which he observed to follow a cut hand in the post-mortem room was 
reminiscent of the same disease. From this he drew the conclusion that 
infection was spread by products of decomposition and that protection could 
only be assured by washing with substances fike chlorinated Hme water— 
which remove the smell of putrefaction. He therefore instituted a regimen of 
rigorous washing with thorough disinfectants before entry into his wards. 
The result was a decisive reduction of maternal mortaHty. h with the 
practice of the few enlightened surgeons, like Le Fort (vide infrdji the general 
attitude of the time was to ridicule the new sanitary routine. 

It was not yet known that aU putrefying organic matter contains micro¬ 
organisms, that suppurating wounds and pus are analogous in this respect 
and that the destruction of micro-organisms is a suflicient guarantee against 
putrefaction of dead organic material or sepsis of exposed living tissue. 
The regimen introduced by Semmelweis was already beginning to be 
adopted in America, where Oliver Wendell Holmes in 1843 read to the 
Boston Society for Medical Improvement a paper entitled “On the Con¬ 
tagiousness of Puerperal Fever,” asserting that te disease might be carried 
from patient to patient particularly by physicians who had made post-mortem 
examinations or who had attended people with erysipelas. Holmes recom¬ 
mended changing the clothing after taking care of a patient with puerperal 
fever and thorough washing of the hands with bleaching powder. A French 
surgeon, Le Fort, instituted similar precautions for operations, abolished 
sponges, reintroduced alcoholized water for dressings, and exacted scrupu¬ 
lous cleanliness from his students in the Hospital Cochin, where in 1868 he 
was able to reduce the average mortality to twenty-four per cent. 

Alphonse Guerin introduced a new technique in treating the wounded 
of the Commune at the St. Louis Hospital in 1871. He had decided to try 
out the possibility that the “purulent infection may perhaps be due to the 
germs or ferments discovered by Pasteur to exist m Ae air.” So he washed 
all wounds with carbolic solution or camphorated alcohol, applying thin 
layers of cotton wool and strong bandages of new linen. Other surgeons were 
astonished to hear that the majority of his patients had survived serious 
operations. He enlisted the co-operation of Pasteur, who actively participated 
in the new hospital policy. Progress in France was not as rapid as it was else¬ 
where. A few years before Guerin had adopted the suggestion which emerged 
from Pasteur*s work, the same conclusion had been tested in Edinburgh by 
Joseph Lister, who freely acknowledged his own debt to Pasteur. In Lister’s 
wards the atmosphere was sprayed with carbolic during operations, the 
wound was washed with it, and dressings made of gauze imprepated with 
an antiseptic mixture (i.e. one known to kill bacteria) were used to cover the 
wound. Between 1867 and 1869 Lister reduced the mortality from ampu¬ 
tations to fifteen per cent.—now an alarmingly high, as then an unbelievably 
lowjfipre. 

The uwrisepric technique of Lister and Gu&in was fundamentally different 
from the modern practice of asepsis suggested in its essential features by 
Pasteur himself, Theyaimedat killing harmful microbes introduced by contact 
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with the instruments, the air and the hands. The resulting gain, though 
great, had the disadvantage that antiseptics are de facto substances which 
poison living cells. Though they may be much more harmful to bacteria 
than to the tissues of the body, it is dilEcult to give enough to ensure killing all 
micro-organisms without damaging the tissues unnecessarily. The modern 
way is to take every possible precaution to ensure that the air in the vicinity of 
the wound, the instruments, the dressings, the hands and clothes of the 
surgeon, his assistants, and nurses are free from microbes—mamly by using 
heat to destroy them. “Never make use of an instrument,” said Pasteur, 
“without previously putting it through a flame.” He outlined a programme 
for comparing the results of making several incisions in each of a series of 
animals, subjecting some to antiseptic, some to aseptic and some to neither 
treatment. 

IMMUNITY AND DISEASE 

The next phase in the record of Pasteur’s contribution to medical science 
received a fresh impetus from agricultural problems in which his assistance 
was again enlisted. In the seventies the flocks of France were being decimated 
by a disease locally called charbon, now anthrax. The special characteristic 
of the condition revealed on autopsy is an excessive enlargement of the spleen, 
a compact organ which is present in the abdominal cavity of all vertebrates. 
It has no ducts or glandular tissues though it resembles a gland in appearance 
and its work is mainly concerned with regulating the products of (^ete red 
blood corpuscles, andperhaps, sinceits substance is aporous reservoir of blood 
without the contractile walls of thefinerpassages andhence enormously disten¬ 
sible, it also provides a safety valve for the increased blood volume in the 
main vessels when blood pressure is high. When opened, the spleen of 
animals (sheep, cattle) which have died of anthrax reveals a black liquid pulp. 
Anthrax was rife in Europe as a whole at this time. One district of Novgorod 
in Russia according to Radot lost 56,000 head of cattle between ISflT-^lSVO. 

Up to this time there had been numerous indications that the presence of 
micro-organisms was associated with certain diseases and the work of Pasteur 
on silkworms had placed one instance on a firm foundation. Little advance 
had been made towards understanding the way in which the smallest visible 
organisms, bacteria, reproduce or how to cultivate them as pure stocks. A 
new method of culture for bacteria found in living bodies was developed in 
in the seventies by Koch, who was also working on the anthrax problem. 
There is no need to .retrace the historical steps by which modem methods of 
cultivating pathogenic bacteria have been perfected. The experimental 
proof that an animal disease is due to the activities of a microbe depends on 
(a) microscopic observation of the organism in diseased individuals, (b) pre¬ 
paration of a “pure culture” of the observed organism and (c) production of 
the diseased condition by inoculating other individuals with a pure culture. 

The distinction between one bacterium and another is based primarily on 
direct observation of the shape or the colour assumed when a smear is stained 
with a dye, Various types are distinguished (Fig. 425) as bacilli (rod-like), 
cocci (spherical), spirochaetes (eel-shaped). They are also distinguished by 
the way they cpngregate m pairs (diplococd), as tufts like a bunch of grapes 
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(staphylococci) or as single-file filaments (streptococci). The materials used 
in successfully culturing them, the optimum temperature for growth, and die 
results of introducing them into the blood also distinguish strains which 
cannot be recognized as different by microscopic observation. 



Fig. 426.—Bacteria and some other Micro-Organisms 


All are magnified a thousand diameters. («) Streptococcus which causes 

septicaemia, puerperal sepsis, tonsillitis, scarlet fever, and many other inflammatory 
processes, (b) Pneumococcus of pneumonia, (c) Gonococcus of gonorrhoea, (d) Bacillus 
co/}, normally present in the human intestine. The typhoid bacillus is very similar to 
this one in appearance. («) .Vibrio chokrae of ch.ohm,(J)Bacillus pesds of plague. 
C^) Bacillus diphtlmae of diphtheria, (h) Bacillus tuberculosis homims, which causes 
tuberculosis in man. (i) Bacillus anthracis of antluax. Some of the organisms are 
forming round spores. (/) Badlks tetani of lock-jaw, showing spores. (A) Bacillm 
botulinus, wliich is responsible for the, food-poisoning called, botulism. (1) Virus of 
smallpox, im) Treponema pallidum^ the organism of syphilis, (n) Bacillus radicicola, 
responsible for nitrogen fixation in the root nodules of legumes (p. ,889). (o) Nitro- 
somoHflS, which converts ammonium compounds in the soil into nitrous acid, ip) 
Nitrobacter, which converts nitrites in the soil to nitrates. All of the above except (/) 
and (w) usually count as bacteria. 

Culturing diem involves finding a medium, e.g. beef tea, in which they 
multiply rapidly. Nowadays the medium is set in a stiff jelly by addition of 
“ agar ” so that it can be laid out in thin plates which are easily protected by a 
sterile cover from contact with falling dust. A drop of blood or expressed 




The Microbe Hunters 


88i 


880 Science for the Citizen 

tissue 0md containing the microbe is added to a sterile agar plate. After a 
while infected areas or colonies where the germs abound are seen as opaque 
areas on the surface. The colonies sometimes have features characteristic of 
the type of microbe. It will often happen that the original drop contains one 
or more other organisms, if it is difficult to get it with completely aseptic 
precautions. The separation of a pure line is effected by various devices, one 
being repeated subculture. That is to say, a fragment of a colony is intro¬ 
duced into a ftesh sterile agar plate, and a new colony obtained till all the 
organisms cultivated are identical in shape, staining reaction, or chemical 
action. Alternatively the cultures, which are usually kept in a “thermostat” 
or constant-temperature chamber, are made at Afferent temperatures to 
favour the growffi of one or another type of organism present. 

In the process of infection, suspensions containing a known number of 
microbes in a fixed volume are used—so many hundred thousand or million 
in 1 c.c. This can be done with considerable accuracy without repeated 
recourse to the laborious method of direct enumeration. The method com¬ 
monly used depends on the fact that the opacity of a suspension is greater 
or less according to the number of microbes present in a fixed volume. If 
a fixed volume taken from a coarse suspension well shaken is diluted to a large 
volume of fluid, the number in an exactly measured drop of known volume 
need only be counted once. The number per c.c. in the original suspension 
is then toown. The original suspension can then be diluted successively, 
and tubes of various dilutions can then be used to match up the opacity of a 
suspension of unknown strength. This yields results as good as the Registrar- 
General’s returns. 

Koch found that microbes in a drop of blood from anthrax victims would 
multiply rapidly in the fluid (aqueous humour) expressed from the inner 
chamber of the eye. When cultured in this simple way he observed that they 
began to lengthen prodigiously, becoming punctuated with fine granules tike 
peas in a pod. These fine granules like the spores of a fern can resist drought. 
If a drop of the fluid dries, a few flakes of dust from the dried area can be 
used after a long lapse of time to infect a culture medium, so the bacteria 
multiply by the method of spore formation. Pasteur took up Koch’s method, 
using household broths or beer yeast as culture media. He discovered that 
when the process of spore formation occurred and flakes consisting of dense 
aggregate of swollen filaments appeared in the fluid, a drop of it would infect 
a second sterile broth, which would then reproduce the appropriate disease 
symptoms if injected under the skin of a rabbit or guinea-pig. He successively 
subcultured forty times. Lil^e the widow’s cruse the broth continued to pro¬ 
duce an inexhaustible store. The toxic power of the broth had also the power 
of self-multiplication, because, in fact, the power lay m the organism and 
the organism reproduced its kind. 

You will notice that Pasteur had here evolved a method for recognizing 
the existence of an organism even if—unlike the anthrax bacillus—it is too 
small to see. Non-living matter is not self-reproductive, and when the power 
of self-reproduction appears to be exhibited by a non-living system like a pot 
of broth or a plate of agar we can justifiably infer that an organism is at work. 
When a micro-organism like those which produce mosaic disease in potatoes. 


measles in children, and many of the variegated petal types of tulips, cannot 
be directly seen tlirough tlie microscope it is called a virm. As microscopic 
construction has improved some organisms have ceased to be viruses and 
have become microbes. So subsequent history has repeatedly justified the 
conclusion tliat self-reproduction is a sufficient test of the presence of an 
organism. 

We can get an idea of the dimensions of a virus by applying the method 
which Spallanzani devised—unsuccessfully—to test the role of the sperm in 



Fig. 426 

Outlines of {a) head of human sperm; (J) tubercle bacillus; (c) a filter-passing 
organism; (d) the largest known protein molecule (that of haemocyanin, p. 801) j 
all magnified 10,000 times. They are enclosed in a circle representing the circum¬ 
ference of a human red blood corpuscle, to the same magnification. The microscope 
can never make visible things so small as c and d) since the wave length of visible 
light sets a limit to microscopic vision. 

fertilization. He failed to prove what later workers like Prevost and Dumas 
found, because some sperms will pass through a filter made of a single layer 
of blotting paper. Filters of various kinds allow particles of various sizes to 
pass through them and viruses are sometimes called filter-passing organisms, 
meaning thereby that they have free egress through filters which check the 
passage of particles just large enough to see with the best microscopes 
(Fig. 426). 

For several reasons the discovery of spore formation by bacteria was a great 
step forward. It dispelled the objections raised by several workers who had 
failed to find the anthrax bacillus in its ordinary form and had therefore 
concluded that its presence was not a necessary condition of the disease. It 
also threw new light on the way in which contagious diseases are spread. 
For instance, the fact that the spores of bacteria may retain their power to 
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germinate for a long periodj just as seeds of plants do, explained why people 
who occupy a house which has not been disinfected by agents for killing 
bacteria will contract a disease from which a previous occupant died. Then, 
again, the failure of some experiments in which sterilization with the apparent 
destruction of all bacteria did not prove successful in preventing a new crop 
appearing received a sufficient explanation, when it was found that spores are 
much more difficult to kill than the vegetative phase in the life history of the 
microbe. For instance, anthrax bacilli can be rapidly killed by compressed 
oxygen and they all die after a few hours’ exposure to a temperature of 80® C. 
The spores are not harmed by oxygen and will resist boiling for some hours. 

The two facts last quoted, and similar experience with other microbes, 
were together responsible for a very, prevalent superstition and a signal 
advance in aseptic and antiseptic precautionary measures. Most bacteria can 
remain, like the yeast organism, without oxygen in the living state. While the 
new knowledge was rightly encouraging greater cleanliness, its popularization 
also fostered an inordinately exaggerated belief in the virtues of fresh air, 
Air, if infected, owes its power to transmit disease to the presence of highly 
resistant spores which are unaffected by pure oxygen, and a fortiori by the 
minute differences in the oxygen content of a room with open windows and 
a room ventilated by the various cracks and small orifices which invariably 
allow free passage of air currents. Often when a room is said to be stuffy 
what distinguishes the air in it from “ fresh air ” is merely the presence of 
bodily odours, and the horror of stuffy rooms is largely a rationalization of 
a growing bodily fastidiousness which arose as an unwitting accompaniment 
of low fertility and the new sanitary tradition.* 

The knowledge that bacterial spores can resist much higher temperatures 
than the vegetative form, has made possible a safe technique of aseptic 
surgery. Today dressings are kept for some time at a temperature much 
liigher than tiiat of water boiling at atmospheric pressure, One minor 
contribution to the new sanitation was to crown the investigations of 
Pasteur and his colleagues in the same field, This was the discovety of 
anthrax spores in the intestines of earthworms. It seemed plausible to 
suppose that infected carcasses of sheep and cattle which had been left to die 
in ihe open might liberate anthrax spores in the soil. Besides emphasizing 
the necessity of burning the corpses when such deaths occurred and hence 
suggesting a new preventative procedure, the fact that the soil laden with 
spores of pathogenic microbes could be carried about in the bodies of earth¬ 
worms robbed the country churcliyard of its elegiac charm. .i- ^ 

In the year 1878 Pasteur announced the general theory that infections 
and contagious diseases are propagated by micro-organisms which produce 
their effects by the poisons they make just as the vinegar organism sours 
good wine. About this time a chicken cholera epidemic was producing serious 
disquiet in the country-side, and a veterinary surgeon sought Pasteur’s help. 
The metliod of recognizing and culturing bacteria was now a routine and 
the identification of the microbe proved simple. An incidental by-product 
of tlie enquiry furnished a new clue to the significance of onie of the few 

* Of course, it is advantageous to keep the atmosphere in circulation to 
body temperature regulation by reducing the moistness of air in contact with the akin. 
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first-rate discoveries of medicine during the eighteenth century. Fresh 
cultures of the chicken cholera produced invariably fatal results when injected. 
Sub-cultures which had by chance been allowed to stand produced a com¬ 
paratively mild disorder from which recovery ensued. Accidentally a benign 
strain had been isolated from the more malignant type. 

In further tests it was shown that the chickens which recovered from the 
benign form did not succumb to injections of the malignant cultures which 
were fatal to healthy chickens. In this way Pasteur stumbled on a correct 
theoretical interpretation of the practice of vaccination and, hke any other 
correct theoretical interpretation of observed phenomena, a recipe for practice. 

During the eighteenth century smallpox had been one of the most prevalent 
and deadly diseases. In many countries the majority of people contracted it 
at some time or another. Hence it came to be noticed that an early non-fatal 
attack conferred immunity in subsequent epidemics. In the East it was the 
custom to take advantage of this fact by deliberately exposing people to 
infection from individuals with a mild form of the disease. In 1798 Jenner, 
an English country physician, announced the discovery that cowpox, a 
comparatively mild ffisorder which like anthrax affects cattle and human 
beings alike, confers immunity for smallpox; and the practice of vaccmation, 
i.e. deliberately infecting the human body with the iidlder disease to ensure 
immunity against the malignant form, was quickly taken up. Smallpox was 
wiped out m England within a century^ Meantime, for nearly a whole century, 
no clue turned up to suggest the significance of the procedure. Pasteur’s 
work on chicken cholera showed that it is but one example of a general 
class of reactions which the body shows to infective organisnis and to , the 
poisons they produce. 

To see whether it was possible to confer immunity for anthrax On cattle, 
he therefore set about subculturing anthrax bacilli and testing his cultures 
to obtain a comparatively harmless strain. His laboratory experiments on 
anthrax satisfied him. They did not satisfy his medical contemporaries in 
France, In this episode, as at the announcement of his earlier discoveries, 
the discussions in the Academy had the character of theological debates 
upon the Arian controversy. Unlike the Trinitarian problem, the microbe 
question was amenable to public demonstration. As he had done again and 
again, Pasteur submitted his claims to demonstration before an impartial com¬ 
mission. In one of the tests twenty-five sheep were immunized and injected 
with a malignant culture which was also injected into twenty-five normal 
sheep at the same time. All the twenty-five inoculated sheep survived. The 
twenty-five normal sheep contracted anthrax and died of it, 

: The final triumph of his career was his work on rabies or hydrophobia. It 
was the period from which the proverb “mad as a dog” or the expression 
“dog days” date. The disease was still fairly common, especially among sheep¬ 
dogs. It was quite incurable, and at one time the horror excited by tlie symp¬ 
toms of human beings who had caught the disease after a bite from a mad 
dog encouraged the practice of smothering or strangling the patient. Such 
bites were usually fatal, Between the bite and the first symptoms about six 
weeks elapse. During this interval it is possible to produce “active immunity.” 
Watery suspensions made from brains of infected rabbits which have died 
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of the disease are toxic, and, if fresh, fatal when injected into others. If kept 
for some time they are less powerful and can be injected without fatal effect. 
When Pasteur was at last prevailed on to treat children who had been bitten 
by mad dogs, he used these weak suspensions, injecting strong doses day 
by day. Thenceforth the usefulness of immunixation technique gained 



ARTIFICIAL IMMUNIZATION 


Since Pasteur’s work in the latter half of the nineteenth century the study 
of diseases produced by micro-organisms has been extended to plants, with 
results of great practical importance. Two potato diseases are produced by 
different viruses, for which preventive measures are now available. The 
mosaic of white and green seen on the leaves of some plants is due to virus 
infections. Such infections are not necessarily harmful like the mosaic 
disease of potatoes. If they are not fatal, they may be valued for their orna¬ 
mental effects. The brilliant patterns of many of our tulips are due to a virus 
which passes from bulb to bulb, producing its characteristic effect in the 
petals of the flower. 

Among the more common human diseases which are now known to be 
due to bacteria or other micro-organisms which can be seen with an ordi¬ 
nary high-power microscope are typhoid, tetanus, tuberculosis, scarlet 
fever, whooping cough, pneumonia, diphtheria, cholera, gonorrhoea, 
syphilis, anthrax, and infantile diarrhoea. Those which are due to viruses, 
i.e. micro-organisms which are “filter passers,” invisible to direct vision 
through the microscope, include typhus, rabies, measles, influenza, mumps, 
smallpox, chicken-pox and encephalitis (sleepy sickness). To tliese may be 
added those diseases which result from parasitic protista which are larger 
than bacteria. Such are amoebic dysentery, trypanosomiasis (tropical sleeping 
sickness), and malaria. 

When some parasitic micro-organisms are cultivated in broths, they set 
free poisonous substances called toxins. This can be shown by injecting broths 
which have been filtered to remove the organisms or heated sufficiently to 
destroy them. Successive injections of very small doses of such broffis .make 
an animal able to put up with very large doses which would otherwise kill 
it. Its owri blood can then be used to neutralize bacterial poisons in the 
human system. What we now know of the power of the animal body to produce 
substances {anti-toxins) which neutralize bacterial or virus poisons can there¬ 
fore be used in two ways. The first, called active immunity, is stiffening the 
resistance of the individual against the possibility of attack by encouraging 
his own body to make its own anti-toxin. The second, diM passive mmty, 
is reinforcing tlie defences of the patient with ready-made anti-toxin from 
an animal which has been actively immunized in advance. 

Protein-free broths heated to kill the micro-organisms are called vmnes. 
Vaccines are injected into the human body to produce active immunity as a 
preventive or “prophylactic” measure. A good illustration of their value 
gained from the experience of the European war is dted by Campbell. French 
soldiers were not inoculated with typhoid vaccines during the first sixteen 
months. Of 96,000 who contracted typhoid fever, 12,000 died of it British 


The Microbe Hunters 885 

soldiers received the vaccine. Of 2,689 fever cases, only 170 died. Vaccines 
with genuinely preventive value can be made for smallpox, typhoid, and 
cholera. They are sometimes recommended for chronic colds and sore throats. 
As Campbell points out, this is asking more than we have any right to expect 
of them. The fact that a patient has a chronic condition means that his own 
body cannot put up a successftil fight against the organism or its poisons. 
Giving him a little more poison is therefore pointless. 

To produce passive immunity the blood of an immunized animal is drawn 
off. The clear fluid or serum left behind after clotting is then injected into the 
patient. It can produce a transitory protection while an epidemic is raging, 
and, unlike a vaccine, can also be used to cure him, if he has already contracted 
the disease. Serum treatment succeeds with diphtheria, tetanus, botulism, 
and bacillary dysentery. Generally speaking, it only works if the organism 
responsible for the disease liberates its poison into the body fluids. 

CHEMOTHERAPY 

An alternative protection against micro-organisms is called chemotherapy. 
Poisonous substances may be broadly divided into three classes. Some, like 
cyanides and antiseptics, affea all cells. Some affect special classes of cells 
common to most animals, e.g. strychnine, which acts on nerve cells, and 
curare (or arrow poison), which acts on nerve endings in muscles; These two 
classes differ only in degree and the anaesthetics like chloroform and ether 
which poison all cells, though they affect the nervous system more readily, 
might be placed in either. Finally a small class like carbon monoxide include 
substances whose action depends on some chemical peculiarity (see p. 170) 
which is shared only by restricted classes of animals. The susceptibility of 
different species to other poisons differs with respect to any one of them, just 
as the susceptibilities of different types of cell differ in one and the same 
organism. Thus the amount of strophanthk which wiU stop tlie heart of the 
common toad is about one thousand times as great as the amount which will 
stop the heart of the frog, and the amount of histamine required to kill a white 
mouse, when injected into the veins, is weight for weight about three hundred 
timpR as great as the amount which will kill a guinea-pig (0 • 0007 gram) when 
administered in the same way. If an animal is infected with a parasite, the 
problem of poisoning the parasite therefore offers two possibilities. One is 
to find a poison of the carbon monoxide class, i.e. one which only affects 
certain classes of organisms—attacking the parasite without harming the 
host. The other is to find a universal poison to which the host is far less 
susceptible than the parasite. 

The first and safest method is relatively simple in dealing with bacteria 
which will not live in the presence of oxygen. Thus all oxidizing agents l^e 
hydrogen peroxide, chlorine and iodine which combine with, water liberating 
oxygen are useful antiseptics, and a dilute solution of potassium perman¬ 
ganate is used to kill the diplococcus of gonorrhoea in the early stage, 
when it is possible to irrigate the infected region. Other antiseptic reagents 
like picric or carbolic acids, cresol8 (lysol) or formaldehyde are general cell 
poisons to which bacteria succumb more readily than the host tissues. 
Since it is difficult to adjust the quantity to secure the first result without 
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the second, they Me best used to sterilize instruments rather than for bodily 
application. 

Although the above may be used with more or less success for external 
application, they are not adapted to internal application. TMs is so for a variety 
of reasons. Thus hydrogen peroxide is broken up by a tissue enzyme called 
peroxidase present in most cells of plants and animals. If it were injected into 
the blood the circulation would be obstructed by a vigorous evolution of 
oxygen, On the other hand there are a few highly successful examples of 
chemical reagents which are much more toxic to particular organisms than 
to the host itself, and can be used with impunity and often with complete 
success. 

The earliest examples of drugs belonging to this class were entirely 
empirical discoveries. Peruvian bark was added to the pharmacopoeia by the 
Portuguese after the discovery of the New World. Its essential constituent, 
now better known as quinine^ is a highly effective antidote for the malarial 
organism. Shortly after, some measure of success in treating syphilis with 
mercury compounds was acliieved. During the past half century systematic 
search for such relatively specific poisons has been prosecuted with direct 
encouragement from the drug industry, and has produced several new classes 
of drugs which have proved highly efficacious for individual diseases. These 
include the arsenical compounds salvarsan (“606”) and neosalvarsan (914), 
which are highly specific for syphilis, ratbite fever, relapsing fever, yaws and 
the throat affliction called Vincent’s angina. During the past few years 
remarkable results have been recorded for the use ofpmtosil (and allied 
compounds such as para-aminophenyl-sulphonamide) in connexion with 
streptococcal infections, such as puerperal septicaemia. 

In contradistinction to the preventive use of vaccine, and the curative 
application of immune sera and a few such chemotherapeutic drugs, intelli¬ 
gent sanitary routine based on the knowledge of how infection occurs is a 
powerful weapon in the struggle of mankind with micro-organisms. Thus 
cholera germs are carried in drinking water, and sterilization of water by 
boiling, by chlorination or other raetliods used in modern reservoirs is a 
sufficient safeguard, The micro-organism of yellow fever, which once made 
white colonization of Central America impossible, is carried by a mosquito 
whose bite infects the human victim as that of a rabid dog transmits hydro¬ 
phobia. As with malaria, which is also carried by a mosquito, elimination of 
the breeding ground of the mosquito by the use of a thin film of paraffin oil 
on standing water, or by draining swamps, makes infection impossible. 
The completion of the Panama canal is a direct result of applying this know¬ 
ledge. Typhus is carried by Uce and bubonic plague by the rat flea. The 
destruction of lice and rats protects a community from lie peril of infection 
with these diseases. 

Three hundred years ago the average length of human life in England 
was thirty years. Today it is sixty-one. Of a thousand babies bom in Bacon’s 
time about three hundred norm# died in their first year, Today sixty die in 
England and thirty in New Zealand. With intelligent statesmanship we could 
bring the British figure down at least as low as that of New Zealand. In part, 
the record of progress is due to poor law reform, old age pensions, and other 
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ameliorative measures. In part, it is due to sanitation and drainage under¬ 
taken—as with malaria—without any clear theoretical guidance. On die other 
hand several diseases have been elimmated by definite application of newly 
found knowledge, or, like smallpox,, by the use of immunization before the 
nature of the technique was understood. Malaria, which was rampant in the 
fen counties of Defoe’s England, disappeared before the part played by a 
mosquito in transmitting the organism was known. Because we know this now, 
it is being stamped out deliberately and effectively where it still persists. 
Unless sanity and sanitation are submerged in world war by Japanese im¬ 
perialism, cholera, typhoid, diphtheria and infantile diarrhoea will soon be 
historical or geographical curiosities like typhus, malaria and bubonic plague. 

The knowledge which has made it possible to control diseases like these is 
based on experiments with animals* Those who value the welfare of miners 
less than that of mice and place the comfort of cats above the safety of 
children, devote painstaking ingenuity to the plea that aU the improvement 
which has taken place is due to social reform and sanitation. There would be 
some plausibiliiy in these assertions if our public statistics did not include 
the record of individual diseases. The tempo of improvement has steadily 
increased since sanitation has been guided by tlie new knowledge. Thus 
the death-rate from typhoid in the United States fell from 36 per thousand 
in 1900 to 6 per thousand in 1932, and the present figure in the large cities 
is^ below 3 per thousand. . ,, , j • l 

While the debt of mankind to the progress of medical knowledge is sub¬ 
stantial, there is much to justify a critical altitude to the present org^zatiou 
of medicine. The system of private practice which ,makes the medical^ man 
largely dependent on fees collected for the exercise of knowledge which no 
one man could possibly carry in his head at once is not adapted to the fullest 
use of the new knowledge. One result is that the medical man becomes the 
tool of commercial firms which encourage the befief that their products confer 
benefits grossly in excess of any claims which the researtffi worker puts 
forward* The commercialization of medical preparations by private competing 
firms perpetuates the alchemical elixir. So soon as a new drug or treatment is 
discovered there is a strong temptation to welcome it as a panacea. Modern 
practice still encourages many silly illusions of this type. Thus quinine, 
which is a highly specific and efficacious drug for, malaria, is commonly taken 
for colds and influenza in the absence of the sHghtest evidence that it has 
any effect on them. Similarly the success of early work on immumzauon led 
to the behef that any disease produced by a micro-organism could be treated 
successfully by vaccines or immune sera. We now know that ffiis can rarely 
be done unless the organism Hberates its poison into. the circulation. In short, 
there is no single type of treatment which appHes to aU of them. On the 
other hand, there is every reason to beHeve that research can provide an 
effective weapon against any disease which results from tlie presence of an 

organism which can be seen or cultured. 

THE NITROGEN CYCLE OF NATURE 

Besides providing a powerful stimulus to the study of plant and animal 
diseases which are produced by the activity of parasitic organisms such as 
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bacteria, viruses, fungi and so forth, Pasteur’s work laid the foundations of 
what is now beginning to prove an important branch of agricultural science. 
While space does not permit any reference to the practical importance of soil 
bacteriology, a brief reference to one theoretical issue which the new theory 
of infection helped to elucidate will prepare the way for further discussion in 
the ensuing chapter. About the time when crop rotation was beginning to 
excite interest and discussion in England, Glauber (1656) had discovered 
a new meaning in the adage “corruption is the mother of vegetation.” 
“Having found saltpetre in the earth cleared out of cattle sheds,” says Sir 
John Russell, “he argued that it must have come from the urine or droppings 
of the animals, and must, therefore, be contained in the animals’ food, i.e. 
in plants.” 

He was thus led to the discovery that saltpetre might be used as a sub¬ 
stitute for manures to promote plant growth. In England where the Heads 
of Enquiries had directed special attention to the use of manures, Mayow 
(1674) took up the problem from a new angle, estimated the saltpetre content 
in the soil at different times of the year and showed that it occurs in greatest 
quantity in spring when plants are starting to grow. He could find no appre¬ 
ciable quantity “in soil in which plants grow abundantly, the reason being 
that all the nitre of the soil is sucked out by the plants.” 

We now know that nitrogen is an essential element of the protein molecule 
and therefore of the substance of all living matter. The use of nitrates in the 
soil is file principal way in which the plant gets the nitrogen necessary for 
mqlcing more protein in the process of growth. Hence a fundamental issue 
which arises from the practice of agriculture is how the soil renews its supply 
of nitrates “sucked up by the plants.” Though crop rotation showed one way 
in which the renewri occurs in nature without the intervention of artificial 
manures, the use of leguminous crops, tike clover, sainfoin, lucerne or beans, 
to improve soil depleted of its nitrogenous materials remained a complete 
mystery till Pasteur’s work had shown that useful “fermentations” produced 
by micro-organisms differ from harmful “putrefactions” only in so far as the 
results immediately affect the convenience of human beings. 

The recognition of the need for greater care in the disposal of sewage 
sufficiently explains renewed interest in the nature of a process which had 
defeated all previous enquiries, after interest in the question had been 
quickened by the Work of Boussingault (1841), who had conclusively proved 
that leguminous plants differ from others in being able to take nitrogen from 
the air itself. When animal or plant residues putrefy one of ±e products is 
ammonia, which can be easily detected in the atmosphere near a manure 
heap. Nitrates, as Glauber had shewn, are also formed. Pasteur himself had 
suggested'that the production of nitrates is due to bacterial activity; and this 
suggestion was put to the test in an experiment by Schloesing'and Muntz, who 
were studying the purification of sewage by land filters during the seventies. 

In their investigation a continuous stream of sewage was made to trickle 
through a column of sand so slowly that it took eight days to pass through it. 
For the first three weeks the amm onia present in the seWage was not affected. 
I Later on no ammonia was present in the issuing fluid which now contained 
' nitrates instead. The delay could hardly be due to chemical action, and the 
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fact that conversion of ammonia into nitrates was stopped if traces of chloro¬ 
form were added, indicated that an organism was at work. About the same 
time an English chemist, Warington, shewed that solutions of ammonium 
salts can be “nitrified” by adding a trace of soil. The organisms were success¬ 
fully cultured by Winogradsky ten years later. 

These experiments indicated what was proved directly by adding manure 
or pure nitrates to sand cultures or ordinary crop plants like oats. The 
manure simply supplies the green plant with nitrates which are formed by 
the action of bacteria on it. With seeds of leguminous plants like beans, lupins, 
clover, lucerne, etc., which are used to restore the soil in a crop rotation, the 
growth is not proportional to the nitrates supplied. Given enough nitrates to 
start their growth, the seedlings normally establish themselves in a sand 
culture with no need for any further addition of nitrates, ammonia salts or 
manure. Such plants differ in an important respect from ordinary crops. 
Their roots always have little round nodules which are easily visible if you 
uproot a lupin or sweet-pea plant. Microscopic examination reveals that these 
root nodules are really small tumours infested with bacteria. So if leguminous 
seeds are grown in sterilized sand they form no nodules. It is then found that 
they will not grow unless they are regularly supplied with nitrates like oats or 
grass seedlings. If a little water which has been shaken up with ordinary soil 
is added to the sterilized sand cultures, the seedlings develop nodules and 
no longer require the further addition of nitrates to make them grow, 

The fact that they do grow and put on body weight which analysis shews 
to be partly the result of an increase of nitrogenous material, shews that they 
must get tlieir nitrogen from the air directly. Thus the root nodule of legumin¬ 
ous plants is a benign, or one may rather say beneficent tmom, produced by 
an organism which can use the nitrogen of the air to make nitrates. Two 
French workers in the nineties rounded off the story by analysing the air, 
the soil and the seed for nitrogen at the beginning of an experiment, and the 
air, the plant and the soil at the end of one. The results of such an experiment 
are shevra below: 

Pea seedlings Cress seedlings 
[milligrams) (piilligrams) 

Nitrogen lost by air 134'6 3-8 

Nitrogen gained by soil or plant 152-4 2-0 


Apart from what is taken up by free soil bacteria, there is no appreciable 
loss of nitrogen from the air when cress seedlings grow, and the tothl nitrogen 
content of plant and soil does not change when cress seedlings are cultured, 
because the cress gets its nitrogen from the soil which loses proportionately. 
On the other hand there is a total gain of nitrogen by the pea seedlings and 
this gam is offset by a corresponding disappearance of atmospheric nitrogen. 
This is why soil on which a leguminous crop has been reared contains more 
nitrates at the end of the season instead of less. The introduction of regular 
rotation of leguminous and non-leguminous plants was, like the fermenta¬ 
tion of wine, an unwitting experiment in what may become a most important 
development of biotechnology—the domestication of micro-organisms. 

The discovery of nitrogen-fixing bacteria stimulated the search for more 
direct means of tapping the vast reservoir of atmospheric nitrogen for human 
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use at a time when the need was becoming critical. Nitrate deposits are rare 
in nature. During the eighteenth century the nitrate content of insanitary 
dumps in India was a coveted source of material for the gunpowder industry. 
At the beginning of the nineteenth a new source was exploited. Along the 
western coast of South America enormous deposits of sodium nitrate (Chile 
saltpetre) formed from accumulations of bird excrement became avail¬ 
able for export, and supplied the growing demand for artificial fertilizers. 
More than 60 million tons have been removed since their discovery. Crookes 
startled the world of science in 1898 by pointing out that huge populations of 
industrialized countries could not much longer replenish the nitrogen of the 
soil from which they got their food, at the rate of depletion which was then 
taking place. Subsequent history provides a forceful example of the way in 



In this case the plants die where they grow, and the cycle plants: nitrates: plants is 
complete except for losses in the drainage water. These losses are made good at the 
other end by nitrogen fixation by bacteria in root nodules or in the soil, and the losses 
and gains tend in me long run to come into equilibrium. In aopped land, the plants 
are removed from the sou and with them their nitrogen. Their loss of nitrogen can 
then be made good by addition of nitrogenous manure or by growing a aop of legumes 
and ploughing them in, or by letting the land lie fallow or under grass, so mat nitrogen 
fixers in the soil cain have time to make good tire loss. 

which chemical and biological science is continually finding universal substi¬ 
tutes for the ready-made products which Naturesupplies in restricted areas. 

One method of fixing atmospheric nitrogen, operated on a commercial scale, 
is the cyanamide process. Finely powdered calcium carbide (used for acetylene 
lamps) takes up nitrogen when roasted at a high temperature in an atmo¬ 
sphere of the pure gas. The product is poisonous, if laid on too heavily when 
applied to the soil, and is disadvantageous if the soil already has a high calcium 
content. Where hydroelectric power is abundant a method which has proyed 
economically adequate is the Birkcland and Hyde process in which aif is 
blown through an electric arc into water. Some of the nitrogen and oxygen 
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unite to form the oxide which dissolves in the water forming nitric acid. 
The process imitates nature, because traces of nitric acid are formed in air 
during thunderstorms. The success of the German chemist Haber, whose 
discovery that nitrogen and hydrogen when heated together at high pressures 
in the presence of a catalyst such as iron or aluminium oxides form ammonia, 
made German apiculture independent of Chile saltpetre during the Great 
War. If the final issue failed to fulfil Glauber’s dream (p. 407) of the Prosperity 
of Germowy, events could scarcely have furnished a more spectacular vindica¬ 
tion of the vision which the discoverer of artificial nitrogenous manures had 
entertained. After Hitler’s rise to power, a grateful Government forced Haber 
to resign his professorsliip and research posts, for which he was deemed to 
be unfitted by his non-Aryan antecedents, 

In newly developed countries like Canada the soE is often deficient in the 
nitrogen fixing bacteria which form root nodules, and is then incapable of 
permitting the growth of healthy crops of leguminous plants unless a culture 
of the organisms is sprinkled on it. The Canadian Government has system¬ 
atically encouraged the farmers to send samples of soE for testing. If found to 
be free' of nitrogen fixing bacteria, cultures are supplied to infect it. The 
extent to which biotechnical inventions are encouraged and applied is almost 
entirely due to pubHc services. TEl the Soviet Union assumed a position of 
leadership in agriciEtural development, the United States, with a highly in- 
^vidualistic tradition of industry, was foremost in pursuing an energetic pro¬ 
gramme of agricultural advice, test work, and isease control under the 
direction of the Federal Bureau of Agriculture. The success of American 
agriculture is the retort courteous to American individualism. 

The only conspicuous constructive biotechnical achievement which has 
developed under private enterprise is the cheese industry. The production 
and ripening of cheese depends on a varied assemblage of bacteria and moulds 
(fungi) such as the Penicillium which confers the green colour on the Gorgon¬ 
zola. The flavour of a particular cheese, like that of a particular wine, formerly 
known by its local name, depends on the smaE quantities of organic com¬ 
pounds—chiefly arfers—formed in addition to the main product of lactifica- 
tion or fermentation by other organisms. The local quality of the milk is 
mainly important in so far as it provides a suitable culture medium for a 
particular micro-fauna. When the method of culture is understood, cheese of 
a particular type—Stilton, Cheddar, St. Ivel, Dorset Blue—can be made 
under laboratory conditions in any part of the world. 

Agriculture is the CindereEa of production in most countries where the 
capitalist system survives. If our glimpses at the social background of science 
have taught us anything, biotechnology will not make rapid strides like 
engineering, chemistry, and physics, till a new social mechanism of food 
production comes into being. The coEectivization of agriculture in fibe Soviet 
Union may therefore prove to be a turning point in history, the end, as Lenin 
put it, of village idiocy. The destiny of the largest national unit in existence 
is now committed to scientific food production. Future historians may think 
that the follies aid intolerance of a young civEization are trivial in comparison 
with the momentous achievement of creating a new social impetus to biological 
discovery. < 


CHAPTER XIX 


THE LAWS OF INCREASING RETURNS 

The “Invisible CoUedge” which afterwards became the English Royal 
Society was formed by a group of men inspired by Bacon’s eloquent plea 
that “the true and lawful goal of science is to endow human life with new 
powers and inventions.” Biological no less than mechanical inventions were 
prominent in the programme to which they set themselves. Among the topics 
which occupy a pr omin ent place in the “Heads of Enquiries” are the pro¬ 
perties of soils and manures, When Bacon wrote the Advaticenient of Learn- 
ing, it was believed, in his own words, that water constitutes the “principle 
of nourishment” of the green plant. By an ironical circumstance van Helmont, 
who first studied carbon dioxide and introduced the word gas into the 
dictionary of science, believed that he had proved that plants need little 
sustenance except water. He carried out what appears to have been the first, 
certainly one of the first, experiments on the nature of growth. A young tree 
shoot was potted in a weighed quantity of soil. “In the end,” he tells us, “I 
dried the soil once more and got the same 200 pounds that I started with, less 
about two ounces. Therefore the 164 pounds of wood bark and root arose 
from water alone.” 

We now know that the green plant, like Shelley’s chameleon, “lives on 
light and air.” Shelley’s statement would have been nearly true if he had 
substituted camellias for chameleons. A large bulk of the extra growth in 
van Helmont’s aperiment came from the carbon dioxide which is normally 
present in the air. Admirable in principle, van Helmont’s investigation had 
two other practical defects. He did not weigh the water supplied to see 
whether 164 pounds of water had actually disappeared, and he underrated 
the significance of the two ounces of soil. 

Further progress towards scientific knowledge of how food is produced 
resulted from the discovery that saltpetre is present in manure. This dis¬ 
covery, which,like so many others in the history of science, was partly prompted 
by the search for new ways of destroying human life, led him to another 
which proved to be the means of conserving it. Glauber found Aat the 
saltpetre content of manure is mainly responsible for its power to increase 
the fertility of the soil. That is to say, saltpetre, or as we now know niirates 
in general, can be used instead of manure to revive exhausted soils. Mayow 
(1674) in England seized on this discovery in the spirit of the new programme 
of “Heads of Enquiries,” estimated the nitre content of the soil at different 
seasons by such methods as were then known, and showed that it is highest 
in spring when the crops begin to grow. 

An early example of the use of precise methods in the study of nutrition 
is furnished by an experiment in which another Englishman, John Wood¬ 
ward (1699), tracked down the missing two ounces in Helmont’s work. 
Woodward grew spearmint in rain water, Thames water, water from the 
Hyde Park conduit, and water to which a measured quantity of soil had been 
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added. He then measured the solid content of each sample of water, the 
water used up, and the gain in weight of each set of plants, after a period of 
eleven weeks. The historic interest of this enquiry, which shows the use of 
quantitative methods in advance of . contemporary chemical practice till the 
time of Black and Lavoisier, is instructive, when we recall the powerful 
impetus which the study of chemistry received from the study of artificial 
manures (see p. 408). Two typical experiments are cited by Russell, as 
follows: 


Weight of Plants 
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Gain in 
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Water Loss 

Plant Gain to 
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m 
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28 

54 

26 
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1: 96 
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no 
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1: 94 

Ditto with 1| 
ounces garden 
.soil added .. 

92 

376 

284 

14,950 
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With the new air pump of Hooke and Boyle, the English physician Hales 
showed that air as well as salts and water is necessary for plant growth, In 
the same social context one of the predominant foci of enquiry was the nature 
of fluid pressure and flow. In 1727 Stephen Hales published his 
Staticks in whidi he described experiments on the amount of water taken 
up by the roots and the amount which evaporates from the surface of the 
leaves. These showed that there is a continuous flow of water from the 
roots to the leaves. By fixing a pressure gauge to the cut end of the stem of 
a plant in moist soil or water. Hales measured the actual “root pressure” of 
the ascending sap. The cells of the fine hairs on the roots are semi-permeable, 
allowing water to pass inwards more readily than salts (Fig. 428), So water 
is sucked in by the osmotic pressure of the sugars and salts of the sap. 

To an appreciable extent, as Hales discovered, the ascent of sap is due to 
capillarity (see p. 398), Water passes up the stem through the fine vessels 
called tracto, which malte up the bulk of the woody part of the stem and 
the veins of the leaf. Tracheae (Fig. 398) develop from rows of elongated 
dead cells with spirally thickened walls. The cells are arranged end to end. 
The transverse walls between adjacent cells arranged in single file break 
down, so that continuous tubes of exceedingly fine bore are formed. Hales 
performed experiments on capillarity with fine glass tubes. The physical 
phenomena of capillarity and of osmosis were both discovered in connexion 
with the problems of the movement of water in plants. 

We now know ±at the ascent pf sap is not wholly accounted for by the 
continuous supply of water to the tracheae by the osmotic action of the root, 
or by the capillary attraction of the wood vessels. A third process, known 
as plays an important part, especially where the sap ascends 
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to a considerable height as in trees. The thin-walled cells inside the green 
leaf lose large quantities of water by evaporation, and as this happens the 
osmotic pressure of their sap tends to rise, and may reach 10 or 20 atmo¬ 
spheres, Water is consequently drawn into these cells, by osmosis, from the 
tracheae of the leaf veins. If confined in narrow tubes, water columns are 
capable of withstanding sucdon amounting to several hundred atmospheres 
without breaking. Suction of water in the tracheae of the leaf can thus draw 
the columns of water, extending through the tracheae from leaf to root, 
upwards against gravity, as if they were so many solid rods. 



bearing voothah’S' 


. Fig. 428.— Part of a Section Through a Young Root 

The most important difference between the stem and the root is that the younger 
parts of the latter are covered by a layer of thin-walled cells, which are readily permeable 
to water. Many of these cells have fine hair-like outgrowths, the root-hairs^ which 
penetrate the moist soil and offer a large surface for the absorption of water and 
mineral salts in solution. The wood and bast of the young root are arranged on alternate 
radii instead of together in buiidles as in the stem, and the whole vascular cylinder is 
enclosed in a sheath of cells, the SKdodsm/j, sometimes found also in stems. The 
pith is often absent. < 


During the first half 6f the eighteenth century interest in manures was 
temporarily subordinated to mechanical improvements. In England the 
protagonist of the new methods was Jethro Tull, who introduced the drill, 
thereby eliminating wind and labour waste due to broadcast sowing, Tnll 
advocated frequent hoeing to pulverize the soil between seedlings plantedin 
uniform rows. His methods, which systematized a variety of local practices 
in a single iqutme, spread to other countries, and naturally produced oon^ 
siderable improvement by making more thorough use of as^ilablciitaliural 
resources already present in the soil without reopurse '.to^awiiui«^,®il’s 
writings were translated into French, provoked Iwidespreadcq^ntrosietsy^and 
made the nourishment of the green plant the pivotal 
theory and practice, - > yr < j 


The Laws of Increasing Returns 895 

Meanwhile Scotland was passing through a rapid phase of agrarian expan¬ 
sion and reorganization described in Dr, Hamilton’s book (pp. 434 and 683). 
In 1723 The Hmmmbk the Society of Improms in the Knowledge of Agri¬ 
culture was incorporated to carry on a campaign for spreading and sharing 
information concerning new technique. Scottish agriculture continued to 
thrive during the process of industrialization which began with the linen 
industry and proceeded apace in the latter half of the century. Qemical 
manufacture was beginning. Medical men equipped with chemical know¬ 
ledge such as Black, Roebuck, and Francis Rome were in close contact with 
the rising industries. Home, whose contribution to the bleaching of linen 
has been cited (p. 436), threw himself with equal zest into the problems raised 
by the Improvers. In 1767 he published the result of his own researches in 
a uotewor&y treatise, Principles of Agriculture, The more the farmers “know 
of the effects of different bodies on plants,” he ,declared, “the greater chance 
they have to discover the nourishment of plants.” 

Home made pot experiments, adopting Woodward’s quantitative methods, 
added measured quantities of various substances (Epsom salt, potassium 
sulphate, saltpetre, etc.) to a measured amount of soil, and compared the 
weights gained by plants grown in each mixture. Though such experiments 
were the foundation of modern use of potash fertilizers for soil d^cient in 
potassium salts, intelligent use of appropriate fertilizers could not yet be 
prescribed. A syst^atic classfiication of compounds based on their common 
ingredients and an, analytical technique guided by such a classification were 
not yet to hand. Even the mple conclusion that air is essential to plant 
growth, as it is also essential to animal survival, was without meaning because 
of the paucity of precise information about the constituents of the atmosphere. 

These deficiencies were soon to be removed. In the half century which 
followed the foundation of Roebuck’s factory for making sulphuric add, and 
witnessed the ascent of the first hydrogen balloons, the introduction of coal 
gas and metallurgical innovations assodated with the use of steam power, 
chemical science grew rapidly. Black’s work on carbon dioxide, Rutherford’s 
isolation of nitrogen, the researches of Watt, Cavendish, and Charles on 
hydrogen, those of Priestley, Lavoisier, and Scheele on oxygen—distin¬ 
guished the prindpal constituents of air and the four elements which make 
up the bulk of plant tissues. They reawakened interest in the problem of 
breathing and made it possible to analyse the elementary constituents'of the 
atmosphere and of the plant body. 

While prosecuting the researches which led to the modem view of metal¬ 
lurgical processes Scheele, Priestley, and Lavoisier also devoted their efforts 
to the analogous problem of combustion, breathing, and animal heat. An 
important by-product of these subsidiary inquiries' were two ’Contradictory 
observations. Qne was made by Priestley who claimed that mint purifies air 
made unfit to sus^ animal life by breathing. The other was made by Scheele, 
who asserted tl^t plants like animals vitiate air. In modem terms Priestley 
claimed that p^ts[.'iefi]iQyefcarbon,dioxide, Scheele that they produce it. 
Spallanzani seemstd l^yf loa the first to have resolved theparadox by noting' 
that aquatic pjanti'^y^off oxygen in sutdight anddo not do so in 

darkness. Two,'European workers, Ingen-Housz and .Seaiebier (1779-1782), 
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independently took up the due, and showed that while plants remove carbon 
dioxide from the air and give up oxygen to it in sunlight, they evolve carbon 
dioxide and take up oxygen in the dark. They thus showed that two kinds 
of gaseous exchange between the green plant and the air occur. One is 
comparable to respiration in animals. The other is essentially different 
from it 

At Geneva Senebier was associated with the biologist de Saussure, who 
was in dose touch with SpaUanzani. In 1804 the son of de Saussure under¬ 
took an enquiry on the same lines as the experiments of van Hehuont and 
Woodward, adding two new features which advancing knowledge of the 
chemistry of gases now made possible. In addition to weighing the dry 
matter which the soil loses and finding the total gain in weight of the plant 
itself, he measured the changing composition of the air during its growth 
and analysed the constituents of the ash and combustible matter of the plant 
separately. 

THE COMPLETE ANALYSIS OF GROWTH 

The principle of experiments undertaken like those of de Saussure to give 
a complete balance-sheet of plant growth may be outlined as follows. A 
group of seedlings is divided into two lots; one is set aside for complete 
analysis at once. The others are (a) first weighed, then cultured in a closed 
chamber through which a known volume of air is passed, with their roots 
in a measured volume containing a rnhtmre of salts (nitrates, phosphates, 
and sulphates of potassium, calcium, and magnesium) approximating to that 
of a suitable soil content, (b) weighed a second time after a period of active 
growth, and then subjected to complete analysis lilce the first batch of 
seedlings. 

The analysis of the seedlings or of tlie grown plant involves three opera¬ 
tions. Each is weighed, thoroughly dried, and weighed again. The loss of 
weight represents the uncombmed water of the plant juices. The dried plant 
is indnerated in a hard glass tube through which dry COa-free air is passed 
(Rg. 429). The loss of weight represents the total combustible or “organic” 
matter in tlie plant body. The residue is the weight of mineral salts which 
may be separately analysed. If the air is sucked from tlie combustion tube into 

(a) some dehydrating agent like strong sulphuric acid or calcium chloride, or 

(b) some COg absorbent such as lime or baryta, tlie total carbon and hydrogen 
which go to make up the organic matter can be estimated. Since the air 
drawn through the chamber contains no water vapour or carbon dioxide, the 
gain in weight of the dehydrating agent is due to water formed by the oxida¬ 
tion of hydrogen in the combustible matter of the plant, and the gain of the 
lime or baryta is due to COj formed by oxidation of the carbon. One-ninth 
of water by weight is hydrogen, and three-elevenths of carbon dioxide is 
carbon. Hence one-ninth of the increase in weight of (a) represents the 
hydrogen present in the organic material of known weight, and three- 
elevenths of the increase in weight of (b) represents the carbon. The percdntage 
of carbon, hydrogen, salts, etc., in the seedlings is not found to vary liihch. 

t If, therefore, the weight of a plant cultured from the same stage in a nutrient ^ 
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solution is known, an accurate estimate of its composition at the beginning 
of the experiment can be made from the analysis of the first batch. 

This is how we can find how much the weights of salts, carbon, hydrogen, 
etc., increase in a period of growth, To find where they all come from it 
is necessary to analyse the air and the nutrient solution m which the roots 
grow, A stock of the latter containing a known weight of each constituent 
in a measured volume is first made up. If the volume of solution used for each 
seedling is measured, their initial supply of salts is therefore known. At the 
end of the experiment each solution used is analysed, and the loss indicates 
how much has been talren up by the plant. The loss of phosphates, of metallic 
salt constituents (potassium, calcium, magnesium)^exactly corresponds to the 



Fig. 429.--Amount of Carbon and Hydrogen Fixed in Organic Matter in the 
Green Plant 


When incinerated in a current of dry air, the organic matter of a dried plant is oxidized 
with formation of water vapour and carbon dioxide. The sulphmic acid in B absorbs 
the former, the soda Ihne in A the latter. If A and B arc wei]^ed before and after the 
experiment, the increase in weight of A gives the carbon dioxide (three-elevenths of 
which represents fixed carbon), and the increased weight of B gives the water vapour 
(one-ninth of wliich is fixed hydrogen). , , ; ' 


increased quantity of each in the plant ash. The loss of sulphates and nitrates 
does not quite correspond to the gain of sulphates and nitrates in the plant 
body, Part of the sulphur and most of the nitrogen appear as oxides of 
these elements driven off when the organic matter is incinerated. When 
this is taken into account all the nitrogen present in the organic matter of the 
plant is found to come from the nitrates in the nutrient solution. 

If the nutrient solution contains no free COj, no carbonates nor other 
soluble compounds of carbon, the gain in weight represented by the carbon 
of the organic matter- does not enter the plant by Ae roots. IJnless living 
things can manufacture elements out of notliing, or can transmute one 
element into another, it must therefore come from the air, which as Priestley 
proved is “purified” by the green plant in sunlight. Experiments show that 
seedlings will not grow in the dark nor in COg-free air once they have thrown 
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off their seed leaves (Figs. 434-5) which contain a store of inorganic material. 
To show that the carbon content of the combustible matter comes from the 
carbon dioxide, tlie air drawn out of the closed chamber (Fig. 430) is passed 
over a COg absorbent, e.g. slaked lime. The volume of air which is drawn 
through the chamber while the experiment is in progress is easily measured 
in die way illustrated in the figure. The increased weight of the tube con¬ 
taining the COj absorbent shows how much COjis present in the air which 
has circulated around the plant. The COg present in tlie same volume of air 



In, the dummy experiment above a fixed quantity of air (e.g. 20 litres)_is passed ^ough 
the apparatus, the carbon dioxide being absorbed by the So^ Lime A. fnc same 
quantity of air passed over a green plant during a corresponding period pves up us 
remaining cai'bon dioxide to B. The difference between the amounts of carbon dioxide 
taken up by A and B gives the carbon dioxide uptake of the plant durmg the intervail. 

which has not circulated round a plant is determined in the same way, and is 
found to be greater. The difference is the weight of COg removed from the 
air by the plant. Three-eleveuths of this (p. 451) is the carbon which the plant 
g fiiq s in growth, and corresponds to the gain of carbon determined by 
incineration. 

COMMERCIAL MANURES 

De Saussure’s work established the revolutionary conclusion that the 
green plant gets aU its carbon from the air and that it can only do so^ in 
sunlight. It belongs to the same social context as that of Priestley, Lavoisier, 
Eerthollet, and Davy whose researches participated in the early stages of 
chemical manufacture at a time when a new demand for metals to' meet the 
needs of new industry conspired to focus attention on the part played by gases 
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in chemical combination. It also threw new light on the essential mineral 
constituents of the plant body, in particular lime and phosphates. This paved 
the way for a new synthesis of practical experience, theoretical knowledge, 
and industrial enterprise. 

Scientific plant nutrition involves three kinds of knowledge; (a) the essential 
constituents of the plant body, {b) specific variations of the constituents in 
different classes of crops or garden plants, (c) local variations of the content 
of these constituents in the soil, Guided by (a) or (b), it is possible to find 
out the necessary minimum of the various salts which the soil must contain 
to promote healthy growth, and analysis of a sod sample then tells us in what 
respect it is deficient. The deficiency can thus be rectified by the applica¬ 
tion of a suitable dressing of artificial fertilizer. 

From another point of view the work of de Saussure and his predecessors 
from Woodward onwards reflects the interest in soil exhaustion accompany¬ 
ing the gi'owth of capitalist farming and tlie expansion of population, as 
capitalist industry extended. Davy, who had an uncanny knack of 
realizing where the prosecution of theoretical Imowledge could best advance 
the interests of the industrialist, realized the possibilities of further research 
linking up the nutritional needs of the plant with variations of soil content. 
In his book English Faming, Past and Present, Prothero refers to the enthu¬ 
siastic interest aroused by Davy’s initiative in Ae following passage: 

The dawn of a new era, in w,hich practical experience was to be combined 
with scientific knowledge, was marked by the lectures of Humphry Davy m 
1803. In 17C7 Francis Home had insisted on the dependence of agriculture on 
“Chymistry.” Without a knowledge of that science, he said, agriculture could 
not be reduced to principles. In 1802 the first steps were taken towards this 
end. The Board of Agriculture arranged this series of lectures on “The Con¬ 
nection of Chemistry with Vegetable Physiology,” to be delivered by Davy, 
then a young man of twenty-three, and recently (July, 1801) appointed Assistant 
Professor of Chemistry at ±e Royal Institution of Great Britain. He had already 
made his mark as the most brilliant lecturer of the day, attracting round him 
by his scientific use of the imagination such men as Dr. Parr and S, T. Coleridge, 
and the talent, rank, and fashion of London, women as well as men.. His six 
leaures on agricultural chemistry, commencing May 10, 1803, were delivered 
before tlie Board of Agriculture. So great was their success that he was appointed 
Professor of Chemistry to the Board, and in that capacity gave courses of 
lectures during the ten following years. In 1813 the results of Ws researches were 
published in his Elements of Agricultural Chemistry. The volume is now out- 
tjf-date, though the lecture on “Soils and their Analyses,” in spite of the pro¬ 
gress of geological science and the adoption of new classifications, remains of 
permanent interest. Many passages that were then listened to as novelties are 
now commonplaces, others, especially those on manures, have been completely 
superseded by the advance of knowledge. But if the book has ceased to be a 
practical guide, it remains a historical landmark, and something more, It is 
tihe foundation-stone on which the science of agricultural chemistry has been 
reared, and its author was the direct ancestor of Liebig, Lawes, and Gilbert, 
to whose labours, in the field which Davy first ie-xplored, modeirn'Agriculture 
is at every turn so deeply indebted. It was Davy’s work Which inspired the 
choice by the Royal Agricultural Society (founded in 1838);of its motto “Prac¬ 
tice with Science.” ^ ' 1 ”. ' 
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In England the newly formed Board of Agriculture had been active from its 
inception in collecting specimens of soil for analysis. The initiative did not 
come from the commercial firms which began to reap the profits of the new 
knowledge. From first to last private enterprise has merely exploited a 
demand due to modern biotechnical discoveries fostered by technical 
education and advisory work undertalren by Government departments. 
Besides providing a fresh market for chemical products, the scientific study 
of plant nutrition also created a new demand for mechanical instruments 
for tilHngj and subsequently for reaping, binding, and threshing. Prothero 
says: 

The changes which have been noticed in modern farming necessitated more 
frequent operations of tillage, which, without mechanical inventions, would 
have been too costly to be possible. Here, again, science came to the aid of 
the farmer, and supplied the means of making his labour cheaper, quicker, 
and more certain. The Royal Agricultural Society may legitimately pride itself 
on the useful part which it has played in introducing to the notice of agri¬ 
culturists the new appliances which mechanical skill has placed at their service, 
Yet, when the Society was founded, none of its promoters foresaw the importance 
of die mechanical department. At the Oxford show in 1839 one gold medal 
was awarded for a collection of implements] three silver medals were allotted; 
and a prixe of five pounds was given for “a paddle plough for raising potatoes.” 
At the show at Gloucester in 1863, 2,000 implements were exhibited. The 
modem system of farming had, in the interval of fourteen years, built up a 
huge industry employed in providing the agricultural implements that it 
required. 

The combustible material of a plant or animal body contains four principal 
elements: hydrogen, carbon, oxygen, and nitrogen. The source of the nitrogen 
in plants is not a single problem because some green crops, e.g. beans, 
have bacterial tumours or root nodules due to the presence of nitrogen¬ 
fixing bacteria (p. 888). The nitrogen content of the plant substance when the 
sap has been expressed can be determined by heating the dried tissue with 
strong sulphuric acid and a trace of potassium permanganate. All the nitrogen 
is then converted into ammonium sulphate. If the solution is diluted with 
excess of potash the ammonia can be driven off by hea ting , If this is passed 
into a solution of weak acid, the total ammonia produced is foimd by titrating 
(pp. 444 and 463) a measured volume of stadard acid solution. By weight 
fourteen-seventeenths of the ammonia is nitrogen. Together with the nitrogen 
contained in the nitrates present in the sap, this is found to be equivalent to 
the nitrogen content of ±e nitrates lost from the soil or culture medium in 
which a plant is grown. If it is a leguminous plat this is only true when the 
medium contains no nitrogen-fixing bacilli to infebt the roots. 

In 1834 the method of carbonization which de Saussure used was adapted 
to larpscale agriculmral inquiries by Boussingault, who made complete 
analytical estimates of the nitrogen supplied by the manure and present in 
the crop during various systems of rotation (p. 888). This work was under¬ 
taken in association with the eminent French analytical chemist, Dumas. A 
few years later the results of new insight into the food of plants were broad¬ 
cast by a book, which laid down the quantitative principles of crop husbandry 
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in the general statement “tlie crops on a field diminish or increase in exact 
proportion to the diminution or increase of miaeral substance conveyed to 
It in manure.” What Davy had vaguely, though eloquently, foreshadowed 
Liebig set forth with precision based on analysis of crop and soil in Chemistry 
in its Application to Agriculture and Physiology, This book, says Prothero, 

traced the relations between the nutrition of plants and the composition of the 
SOI... . (It) revolutionized the attitude which agriculturists had maintained 
tomds chemistry. So great was the enthusiasm of country gentlemen for 
Liebig and his discoveries, as popularized by men Ika Johnston and Voelcker, 
mat the Royal Chemical Society of 1846 was largely founded by their efforts. 
But if the new agriculture was born in the laboratory of Giessen, it grew into 
strength at the_ experimental station at Rothamsted. To Sir John Lawes and 
his colleague Sir Henry Gilbert (himself a pupil of Liebig) farmers of to-day 
owe an incalculable debt. By tlieir experiments, continued for more than half 
a century, the main principles of agricultural science were established; the 
I objects, method, and effects of manuring were ascertained; the scientific bases 
i for the rotation of crops were explained; and the results of food upon animak 

I in producing meat, milk, or manure were tested and defined. On their work has 

j been built the modern fabric of British agriculture. Witli increased Imowledge 

! of the wants of plant or animal life came the supply of new means to meet those 

I requirements. Artificial manure may be roughly distinguished from dung as 

i purchased manures. Of these fertilizing agencies, farmers in 1837 already knew 

i soot, bones,^ salt, saltpetre, hoofs and horns, shoddy, and 'Such substances as 

I marl, clay, lime, and chalk. But tliey knew little or nothing of nitrate of soda, 

I of Peruvian guano,^ of superphosphates, kainit, muriate of potash, rape-dust, 

I sulphate of ammonia, of basic slag. Though nitrate of soda was introduced in 

; 1836, and experimentally employed in small quantities, it was in 1850 still 

I a novelty. The first cargo of Peruvian guano was consigned to a Liverpool 

merchant in 1836; but in 1841 it was still so little known that only 1,700 tons 
were imported; six years later (1847) the importation amounted to 220,000 
tons. Bones were beginning to be extensively used. Their import value rose 
from £14,396 in 1823 to £264,600 in 1837. 

• 

I. 

THE BODY AS A MACHINE 

In newly ploughed fields of knowledge, self-evident principles spring Up 

perennially, The work of Home, of Bousingault and of Liebig was the signal 
for a fresh crop of weeds. A world which had outgrown the slave mechanics 
of antiquity was not yet ready to discard the slave-owning ethic of Aristotle, 
i The old authority could be sustained if, and only if, scarcity of the essential 

I means of human satisfaction could be reinstated as a natural law. Premoni- 

f tions of plenty first brought Malthus into the field. Malthus declared that 

food manufacture must always lag a step behind human fecundity. Then 
came the astonishing impertinence enshrined in the “law” of diminishing 
returns. The intrepid Ricardo asserted that nothing can force plant growth 
to keep pace with human industry. Two systems for costing resources for 
satisfying common human needs were soon to compete in the open. In dis¬ 
closing a new substitute for animal labour, science had furnished new scope 
j for investment, and factory technology had adopted horse-power as its 

: current coin. Laboratory workers were now busy with the balance sheet of 
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food required for brnman effort and fuel (see pp.597 and 613-17) consumed 
by the steam engine, while the old axioms consecrated the banker’s balance- 
sheet of owner’s receipts. 

The experiments of Crawford and of Lavoisier and Laplace (p. 596) 
showed that the total energy production of the animal body, measured as 
heat, is accompanied by oxidation of a definite quantity of food, just as the 



Fig. 431.—Apparatus for Measueimg the Oxygen Consujmpxion of a Worm or 
Other Small Organism 

The carbon dioxide produced by the organism is absorbed by the potashj and the 
change in the pressure recorded by the manometer is therefore due to the oxygen 
consumed. The instrument can be calibrated so that the actual volume of oxygen 
taken in can be determined, 

total energy production of a steam-engine depends on the oxidation; of a 
definite amount of fuel. When a machine is generating both heat and move¬ 
ment we can express the total energy it is giving out either in (ergs) mechanical 
units or in heat units (calories). If the machine is a motor-bicycle, the total 
energy (heat and movement) is feed by; the amount of petrol consumed. 
Whether it is used wasteMy or economically from the point of view of the 
rider, depends on how much of it is used to produce heat without first pro¬ 
ducing mechanical work. When the engine is runnmg m neutral gear, the 
engine itself does mechanical work which does not result in mahanit^ 
activity of the machine as a whole. The moving parts generate heat ‘By 
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fiiction witli the surrounding air. If the brakes are applied petrol is used to 
heat up the rim of the wheel. Even with the best management some of it is 
directly used to heat up the engine, as some of our food is used to keep our 
bodies warm. Whatever happens the final result is the same. The road surface 
or air around gets hotter, and this total heat gain is balanced by the quantity 
of petrol which would produce the same number of calories, if oxidized in 
any other way. 

Meanwhile other changes occur in its environment. While it is working the 
engine must be supplied with oxygen, which it gets from the air itself. It is 
also tiiscbargin g cai'bon dloxlde and water vapour together with a certain 
amount of soot due to incomplete combustion. Its activity is therefore 
accompanied by a process essentially fee respiration. 

In ^ this, matter is neither gained nor lost. The material balance, sheet 
will show on the credit side the weight of petrol consumed and the weight of 
oxygen lost by the air. The debit side will include the weight of carbon 
dioxide and moisture gained by the air together with the weight of soot 
excreted. If it is difficult to empty the petrol tanlc, we can get the petrol con¬ 
sumed by weighing the machine before and after the trial period. If all the 
petrol put in the tank is placed on the credit side, we must add the increased 
weight of the machine to the debit side. The total of one side is the same as 
the total of the other, and the same is true of the analogous balance sheet, 
which we can draw up for human nutrition, respiration, and excretion. On 
the credit side we have to reckon with food, drink, and oxygen. On the debit 
side we put tlie carbon dioxide and water excreted together with any gain of 
body weight resulting from the fact that some of the food has been retained 
for growth. A typical balance sheet of an ordinary man weighing ten stone, 
when supplied with food for one day in an air-tight chamber, is given by 

Haldane and Huxley, On the credit side it shows:— 

Food .. .. .. .. I-lkOos (60 per cent water) 

Drink .. .. .. .. 1'5 kilos 

Oxygen, 600 litres or.. .. 0*7 kilo 

This makes a total of 3-30 kilograms. On the debit side we have to reckon 
with the fact that he excretes during the same period 1-3 kilos of water and 
70 grams of solids in his urine. He loses M Idlos of water by evaporation 
from the skin as sweat, He loses 425 litres of carbon dioxide or 0‘83 kilo, 
making in all a net loss of 3'29 Idlos. The difference of 10 grams represents 
exactly what he has gained in body-weight at the end of the experiment. 
The carbon dioxide that appears is equivalent to that which would be formed 
by the same amount of food (allowing for what is retained for growth) if burnt 

inaflask. .. , . , 

If a human being-or a frog-is placed, fee Lavoisier’s man, in a heat¬ 
proof box or calorimeter, the effect of any movements he may execute is to 
generate additional heat by friction with the surrounding atmosphere, and 
all the energy he releases will appear on the balance sheet of energy as an 
increase of heat in the calorimeter. When this experiment is performed, two 
things are found. The amount of energy expended is definitely related to the 
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oxygen taken in and tlic carbon dioxide given off. In addition, the amount of 
energy generated during the same period is equivalent to the lieat which 
would be generated by combustion of the quantity of food consumed if it 
were burnt in another calorimeter. In one experiment a corresitonding btilance 
sheet for the energy apenditurc of Haldane’s ten-stone man over the same 
period was drawn up somewhat as follows. Burnt outside the body, the same 
amount of food as he takes would yield 2,400 kiloctilories. 'I’he total heat 
lost by the body during tlic period of experiment being 2,100 kilocalories, 
the difference includes a deficiency, due to incomplete oxidation of food. It 
can be proved from analysis of the excreta to be equivalent to IfiO kilocalories, 
leaving only 00 kilocalories to account for. This represents the increased 
potential energy of the body due to stored materials which appeared in the 
previous balance sheet as increased weight. 

Thus the two great mechanical principle.s called the conservation of energy 
and the conservation of matter boih apply to all nian>inade ctmtrivauces and 
all physical phenomena. That is why it is right and proper to speak of the 
living machine, We aill a dynamo, a water-mill, a steam-engine, and a motor¬ 
bicycle machines because they transl’orm energy in accordance with certain 
dc&iite rules, which are known as the law.s of Energetics. We call u frog or 
man a living machine because it transforms one form of energy into other 
forms of energy in accordance with the same rules. 

I'he fuel of the animal body is supplied by carbon compounds in its food. 
This is either derived directly from the green plants on which it feeds tsr, if it 
is carnivorous, from the tissues of herbivorous animals. Whichever luippens 
its ultimate source is the same, The plant builds up its complex carbon 
compounds from the carbon dioxide of the air and the water of the soil. 
Since oxygen is given off by green plants in .sunlight the reaction involved 
in this process of carbon assimikition or plwMyntlmis is a reduction reaction. 
Plant tissues also oxidixe these products iit the process of growth. ‘lEc parts 
which are not green (e.g. roots) give off carbon dioxide at ail liincs. 'I’hc 
green parts do so iu the dark, and may lie inferred to be doing so in light, 
when the universal process of respiration is masked by the simultaneous 
occurrence of carbon assimilation. Respiration is essentially a combustion. 
The complex carbon compounds oxidized in respiration give up energy. 
The reduction reaction of photosynthesis must therefore be regarded as one 
in which energy is stored up at the cxpctise nf ike mh stare, 'llius solar 
radiation is the basi.s of all the act ivities of living creatures. 

In addition to fuel an engine ncetls .spare parts. The animal and plant 
body contain nitrogen and need nitrogen for the continual repairing process 
which is called growth. The plant ordinarily gets this from nitrates which 
are formed by the decomposition of animal excreta and from plant and 
animal remains. Except in so for as the soil is renewed by nitrogen-fhring 
bacteria the nitrogen content part of the plant and animal btidy cirailates 
from one to the other and back again. The first important step towards 
broadening the study of animal nutrition to include the nitrogen intake arose 
in connexion with the pioneer re.scarches of Boussingaulc on soil nitrogen 
and manures, 

Besides making an inventory of the nitrogen content of crops, soils, and 
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manures in crop rotation, Boussingauk (LHIStf) also made farm experiments 
on the relation lietween cattle food and excreta. He determineii the amounts 
of carbon, hydrogen, oxygen, and nitrogen in a milch cow’s fodder, and 
measured how much of each is lost in the urine, laeces, and milk. His expeii- 
mems showed that about 2 per cent of the food was uitrof.tcn, and of all tlie 
nitrogen taken in as food, sevcn-eiglitlis was excreted, one-eighih being 
retained, Similar experiments were carried out by liebig on a company of 
the (irand Ducal (luards of Hesse Darmstadt. 

Liebig’s name is associated with the first {latent fortilizer and the first 
patent food (“Liebig’s Extriict of Meat’’), 'I’lioiigh neither of them weie 
very successful, they point to tlie dose connexion between the {ihyi.iology 
of nutrition ami the rise of diemical manufacture, 'Lill the publication of 
Liebitfs treatise on chemistry ajiplied to agrteiilttire little was known aliout 
the chemical clwracterisiic!; of food. In it the three principal dasses ttf 
“organic” materials which made up the bulk of the dry matter of an tmimal 
or plant were first disfingtiiHlied as fats, aMiydnstes, and pniteim. 'i'heir 
general characteristics liavc been suited alrciuiy. The fats contiiin catlion, 
hydrogen, and oxygen. Most of them are simple ester,s of Ifofocr forty adtk 
and the alcohol glycerine. In a small class, the lecithins (ahumlaiit in egg 
yolk), phosphoric add, ami nitrogenous btises, as well as limy adds goes to 
make up the molecnle. The ciirbohydrates are the simpie siig.irs ami ttiorc 
complex substances built up of simple sugitr molecules (e.g, starch, edlnlost'). 
They only contain carlwn, hydrogen, and oxygen, llic proteins arc highly 
comjilex, licing built up mainly of amino acids, T'hey iliercrorc always 
contain in addition to the three elements of carbohydrates a kirgc amount 
of nitrogen. Some contain sufohur and phosphorus. 

The ipproximatc mean percentage composition of the different tiissei of 
food substances is as follows: 
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Only two ctimmon articles of food, dripping (it)!) per cent Hit) and cane*' 
sugar (liKt per cctit carbohydrate), belong exclusively to one of these three 
major groups of organic compounds. Dried white of egg is almost pure 
protein. 'Die fresh egg albumen coniaims a large proportion of water. All 
fresh living matter tfom the Archliishup of ainierbury to the jcllylish 
amiains at least W per cent of water. The relative {proportions of the three 
classes of organic compounds which make up the overwhelming bulk of dry 
matter may be jiulged from the table given on p, It gives the propnrtioni 
in which these main constituents occur in .some common articles cil' human 
diet, together with the energy cronicnt determined by combustion in liw 
laboratory. 

Liebig’s dose refodoa 10 the needs of chemical industry give his work 

IF* 
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an influential position in continental ijcience. He founded an important 
scientific journal in which Mayer’s paper on the “Conservation of Energy” 
was published, and made himself the leader of a vigorous school of work. 
Like Davy, Faraday, Tyndall, Huxley, and many other prominent leaders of 
science during the period when experimental science was establishing the 
high prestige to which it has now attained, he also devoted himself to popular 
expositions which he wrote with compelling passion for his subject, 

for the especial purpose of exciting the attention of governments and an 
enlightened public, to the necessity of establishing Schools of Qiemistry; and 
of promoting a science so intimately connected with the arts, pursuits, and social 
well-being of modern civilized nations. 

Though a German he contrived to express himself in terse and lucid diction. 
There is sometimes a homely charm in Ids writing, as when he expresses 
the hope that his book “may serve to malte new friends to our beautiful and 
useful science.” 


Food 

Water, 

percent 

Protein, 
per cent 

Carbohydrate, 
per cent 

Fat, 

per cent 

Calorics, 
petIb, 

Lean Beef 

69 

21-9 


7-3 

715 

Breast of Cliicken 

74 

24'6 

— 

0-2 

466 

Lean Bacon .. 

66 

21>6 

— 

5-9 

649 

Eggs 

74 

12*3 

“ 

11-3 

734 

Herring., 

68 

18-6 


10'9 

806 

Salmon 

64 

18-6 

—• 

15'8 

1,012 

■Margarine 

14 

— 

—■ 

84-3 

3,656 

Butter .. 

14 


— 

81-6 

3,442 

Brazil Nuts .. 

2'9 

13-2 

8-1 

70-4 

3,,366 

Chocolate 

1-0 

4-8 

59-9 

3M 

2,616 

Cheddar Cheese 

34 

26*2 

— ■ 

33-4 

1,939 

Milk .. 

88 

3-3 

4<8 

3-6 

303 

Honey ., 

18 

0'4 

71-4 

— 

1,290 

Broad Beans .. 

66 

9-4 

22-8 

0-4 

616 

Brown Bread .. 

44 

7'5 

45-8 

0*1 

996 

Boiled Potatoes 

81 

1'9 

16'0 

— 

334 

Stoned Prunes.. 

28. 

.3-0 

40'4 

0*3 

820 

Apples .. . . 

84 ' 

0-3 

12-6 

0*2 

246 . 

Plum Jam .. 

24 

0-2 

70-0 

— 

1,306 

Cabbage ., 

93 

1>4 

4'6 

0*1 

114 


CARBON ASSIMILATION IN THE GREEN PLANT 
During tire nineteenth century the pursuit of medicine was stimulated 
in turn by tire growth of cominercial horticulture, the sale of fertilizers, food 
preservation, and the manufacture of wines, Liebig’s work on fertilizers and 
his initiative in producing the first marketable patent food infused new 
vigour into the study of animal and plant nutrition, and the school of workers 
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associated with him has not yet ceased to exert its influence. Before Liebig’s 
time little was known about the way in which carbon dioidde and water 
are used to build up the organic materials of the plant, and apart from 
Spallanzaiu’s observation that the gastric juice secreted by the walls of the 
stomach dissolves meat, notldng of importance about the changes which the 
food undergoes in the gut had been found out. His studies on the nature 
of foodstuffs therefore laid the foimdations of new enquiries into carbon 
assimilation and animal digestion. 

By far the largest organic constituent of plants is the complex carbohydrate 
cellulose. Every cell of a plant is enclosed in a wall of cellulose, and the tMck 
walls of the wood vessels up which the sap ascends have the same composition. 
So wood pulp is almost exclusively made of cellulose, as is also cotton 
fibre. The cell contents of most green plants contain granules of starch, 
another complex carbohydrate, which like cellulose can be broken down into 
simple sugars by prolonged boiling with mineral acid or alkali. These granules, 
easily seen in a thin slice of potato or a fragment of a Uverw’ort when exammed 

with a microscope, were noticed by the first microscopists. ^ ^ 

The improvement of the compound microscope early in the mneteenth 
century brought new information about the organization of plant cells and 
the minute structure of leaves, where experiment shows that « of 
carbon dioxide uptalte occurs. Microscopic sections across a leaf (Eig. 
show that it is a spongy mass of thin-walled green cells penetrated at mtervals 
bv the woody vessels of the so-caUed veins and enclosed m a peMe (or 
epidermis) of thick-walled colourless cells. The epidermis is studded wiffi 
fee pores (stomata) which are usually confined to the lower smface of lie 
leaf iid are surrounded by a Hp of two ceUs which are green like those wifen. 
In darkness the two cells which form the Hps of the pore shrir^, and he 
slackly together, closing the orifice. In bright Hght they swell and separate, 
so that the porous mass of green cells below tlie epidermis commumcates 

%Ls the structure of a leaf is arranged so that the green cells are in free 
. communication with the air from which the plant removes car on dio^de 
in Hght. They are usually more or less cut off from the air m darlmess, when 
experiment shows that the rate of evaporation from the 
and no COo is taken up. This suggests that the green ceUs are directly con- 
' nected with the use of COg and water in manufacturmg orgamc compounds. 
How to test this in a simple way is suggested by another microscopic observa¬ 
tion In Hght the green cells contain starch granules which disappear m 
dial tch i very easHy recognized by the fa« that n imparts a 
deep blue tint to a solution of iodine and potassimn iodide If part of a 
S wMch has been kept in darkness for a few hours is covered with tiiffoil, 
and then exposed for a short period (e.g. an hour) to soakmg 

the leaf in an iodine solution shows that starch us only formed m the 
SLnTells when they are illuminated. The exposed parts are then stamed 

Lp blue and the covered part is not. You can,in fact,use the leaf asasort^ 

niflte and “develop” an image. The iodine test also shows that 
a mosaic of white and pen areas only 
Sp starch in the green parts. Hence the green colouring matter caHed 
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chlorophyll, which can be extracted from a leaf if it is soaked in alcohol, plays 
an essential part in the process of building up carbohydrate from carbon 
dioxide and water. 

Photography depends on the fact that some silver salts undergo a chemical 
change in light, just as other chemical changes can be accomplished by 
heating or the application of electricity. Carbon assimilation in the green 
plant belongs in this sense to the same class of “photochemical reactions.” 



Fig, 432.— Diagrammatic View of the Microscopic Anatomy of a Typicai, Leaf 


■ The leaf consists mostly of a spongy mass of cells containing chlorophyll in small round 
corpuscles called chloroplasts. There ate capacious air spaces which permit evaporation 
and circulation of carbon dioxide and oxygen within the inner mass of cells. They are 
enclosed between an upper and lower layer of thick-walled cells like the epidermis of 
the stem. On the under surface of the leaf there are pores called stomata guarded by 
sausage-shaped cells, which swell in certain conditions and especially in the light. 
Owing to the unequal thickening of their walls, this swelling forces the ups of the pore 
apart, so that water can freely evaporate from the underlying cells, thus drawing up 
sap from the veins, while carbon dioxide can freely enter and oxygen escape from the 
air spaces. In darkness the pores are usually closed, and the starch-forming cells of 
the spongy interior are protected from water loss. With the exception of the cells 
Which guard the air pores on the lower side of the leaf, those of the epidermis do not 
contain chlorophyll. 

Chlorophyll may also be compared to the soot used to blacken the bulb of a 
thermometer for detecting infra-red rays. It “absorbs” light and by so doing 
makes solar radiation available for building up complex organic matter which 
liberates heat when broken down into its original constituents. Thus the coal 
mines and the oil weUs of the world are, metaphorically speaking, stores of solar 
radiation. Solar radiation is therefore the basis of household fuel and of all 
heat engines. Hitherto man has used solar energy stored up in dead organic 
residues. We now see that it is not necessary to wait for geological epoch's to 


The Laws of Increasing Returns 909 

convert solar radiation into sources of warmth or power. Yeast converts sugar 
into alcohol which can be used as food for an internal combustion engine or 
for a methylated spirit burner. 

Starch is continually turned back into sugar in the green plant,* and, dis« 
solved in that form, dfiiises from the leaves to other regions of the plant. 
That is why it disappears from the leaf in darkness. Most green plants manu¬ 
facture starch in the leaves and store their carbohydrates for use in that form. 
A few, like the sugar-cane and the beet, store it in the form of cane-sugar. In 
the tubers of Jerusalem artichoke, the dahlia, and a few other plants granules 
of another complex carbohydrate called inulin are stored. Starch hydrolysis 
produces glucose. Inulin breaks up more easily with the formation of fructose, 
which is also a simple sugar, sweeter than glucose or cane-sugar. The mole¬ 
cule of the latter is built up from the combination of one molecule of glucose 
and one molecule of fructose. As compared with cane-sugar or glucose, 
fructose is very slowly absorbed and can be used with safety by diabetics. 
It is now being produced in Iowa from Jerusalem artichokes. This plant 
grows with an astonishing rapidity, which calls attention to the inefficiency 
of present methods for producing sugar. An economical biotechnology would 
aim at storing solar radiation as quickly as possible with as little waste and 
effort as possible. By growing plants like beet which store carbohydrate ready 
for use there is a large source of waste both in effort and materials. Since we 
cannot digest cellulose we now waste all the solar radiation indirectly em¬ 
ployed in converting sugar into cellulose in our agricultural produce. As the 
word pay is used by scientific workers, in contradistinction to bankers, it 
would pay us to domesticate cellulose-splitting micro-organisms which can 
convert cellulose into sugar or alcohol as sources of fuel for the human body 
or the internal combustion engine. 


DIGESTION 

Liebig’s distinction between the three main classes of organic compounds 
in the body of the plant or animal opened the door to new researches into 
the nature of human digestion and the food requirements of a healthy person. 
The focus of these new enquiries was a discovery made by the French physio¬ 
logist, Claude Bernard, who discovered the significance of a peculiar feature 
of the circulation in vertebrate animals. In man and in all vertebrates the 
vein which takes away blood from the gut does not join up directly witii the 
fnain veins which take blood back to the heart. It breaks up again in the 
capillaries of the liver. So all blood from the gut passes first to. the liver 
before joining the general circulation. Comparative tissue analysis following 
on the work of Liebig’s school showed that the liver of a well-fed animal 
contains a large store of the animal starch called glycogen. In the liver of a 
starved animal there is scarcely a trace of it. Claude Bernard found that the 
glycogen content of the liver goes up soon after a meal, and then goes down 
before the next meal. The vertebrate stores starch in its liver just as the 
potato plant stores starch in its tuber. 

* The carbohydrate first formed as a result of photosynthesis appews to be a hexose 
(sugar), which is then turned into starch for temporary storage in the leaves. 
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New knowledge of the chemistry of living matter now made it possible 
to study the fate of the foodstuffs in tlie animal body with some hope of 
success. With the exception of the sugars, aU these essential constituents of 
the organic matter of the animal or plant body are either, like the fats, quite 
insoluble in water, or, like the proteins and starches, soluble but incapable 
of passing through animal or vegetable membranes (e,g. parchment) as a 
solution of common salt diffuses through them. Their molecules are too 
large. So before the food eaten by an animal can get through its tissues to its 
destination, it must undergo certain changes. This process is known as 
digestion. Under the incentive of Liebig’s agricultural chemistry the study 
of digestion became a foremost topic of medioal research. What we know 
about it has mainly been found out by work on man’s nearest allies to which 
the following account applies. 

From the mouth the food of man or of any other vertebrate animal passes 
into a winding tube which terminates in a second opening to the exterior, 
the anus, situated dorsally where the legs are joined to the body. This tube, 
known as the alimsntary canal, or gut (Fig. 388), has everywhere muscular 
walls, an inner layer of muscle fibres arranged circle-wise, and an outer 
coat with a lengthwise arrangement. The slow, rhythmical movements of 
these muscles help to churn the food, and squeeze it along the alimentary 
canal to the anus. The inner wall of the gut is lined with a layer of cells which 
for a great part of its course consists of secreting cells and is folded in pits. The 
first part of the tube, called the oesophagus, or gullet, opens into a capacious 
bag. This bag, the stomach, leads into a narrower tube, the intestine. The 
intestine of vertebrates has two distinct portions, one narrower, called the 
small intestine, and the other wider, called the large intestine. Its final part, 
the rectum, communicates with the exterior by the anus. 

In its passage along the alimentary canal human food encounters the various 
juices secreted by different parts of the walls of the digestive tract, and also 
the secretions of two larger glands, the liver and pancreas, which open by a 
common duct into the small intestine near its anterior end. These digestive 
juices contain substances known as enzymes which act on the complex organic 
constituents of the food, turning them into compounds sufficiently simple to 
diffuse through the walls of the intestine or sufficiently simple for the cells 
of the body to build them up into other substances as these may 'be required. 
An example familiar to most people, owing to its commercial use, is the 
rennin of the gastric juice. Apart from the fact that they arc all derived from 
living organisms, it is difficult to fix on any single chMacteristic which will 
differentiate enzymes from all other types of catalysts. At present their 
chemical constitution is unlmown. Surprisingly small quantities of enzyme 
are efficacious. Rennet, the gastric juice extract employed domestically for 
the preparation of junkets and commercially on a large scale in the manu¬ 
facture of cheese, is able to clot 400,000 times its own weight of the milk 
protein caseinogen. Even this figure gives an imperfect picture of the pro¬ 
digious activity of the enzyme. The active constituent is very small in pro¬ 
portion to the bulk of the extract. 

The first digestive juice to act on human food is the saliva secreted by 
glands which lie beneath the muscles of the tongue and cheek, discharging by 
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fine ducts into the cavity of the mouth. The saliva contains an enzyme which 
acts on starch, converting it into the complex sugar of malt extract (maltose). 
The secretion of tlie stomach ox gastric juice contains free hydrochloric acid 
It also contains, an enzyme pepsin which breaks down complex proteins, like 
albumen, into very simple proteins that are called peptones. It has no action 
on the starchy or fatty constituents of tlie food. The bile or secretion of the 
liver does not contain a digestive enzyme. It contains excretory matter in 

• the form of certain pigments together witli alltaline salts which neutralize 
the acidity of the gastric juice and greatly facilitate the emulsification 
of fats. 

The pancreas or sweetbread is the chief digestive gland. Its secretion con¬ 
tains three important enzymes. One called amylase breaks down starch or 
dextrin into malt sugar. A second called trypsin can brealc down proteins into 
the organic “amino” acids of which the protein molecule is built up. It thus 
carries protein digestion a stage farther than is reached in the stomach. A 
third called lipase breaks up fat into fatty acid and glycerol. The intestinal 
juice secreted by the glandular walls of the small intestine also contains 
enzymes, one caUed erepsin which acts on the final stages of protein decom¬ 
position, completing the work of the pancreatic juice, and a series of others 
which act on the complex sugars lilce malt sugar, converting tliem into simple 
sugars. The digestive tract of man does not contain any enzyme that breaks 
down ceUiilose. Some cellulose is broken down by bacteria in the large in¬ 
testine, and is wasted. This is a very strong argument against an exclusively 
vegetarian diet. Another objection to vegetarianism is that the cellulose 
wall of plant cells malms them much less accessible to the action of the 
digestive juices than animal tissues. 

Any undigested or indigestible.matter eventually passes out of the body, 
along with the bile pigments that confer its characteristic colour, as faeces. 
In the small intestine the starches have all been absorbed as sugar by tlie fine 
blood vessels beneath its lining. The proteins have been broken down into the 
diffusible substances known as amino-acids (p. 622) and travel to the tissues 
by the same route. All the blood returning from the alimentary tract passes 
through the capillary network of the liver en route for the heart. The glycogen- 
storing activity of the liver is its most important role in the economy of the 
body. The products of fat digestion on the other hand are taken up by the 
cells of the lining of the small intestine, and given up in turn to the under¬ 
lying tissue spaces. The lymph spaces in the absorptive wall of the intestine, 

known as /arfea/i,, communicate with a well-defined channel, the thoracic 
' duct, which opens into a jugular vein. The lacteals are so called because after 

a meal of fatty constituents they are found to be gorged with droplets of fat, 
and it seems that the bulk of the fatty portion of the food is absorbed into 

■ the circulation by this indirect route. In the course ofthe lymph spaces there 

occur masses of dividing cells which are manufacturing new white blood 
corpuscles. These are spoken of as lymph glands, and are usually enlarged in 
inflammatory conditions. The tonsils are large lymph glands. The red blood 
corpuscles are manufactured in the bone marrow. 

The bulk of the heat production in man and his nearest allies results from 
the oxidation of carbohydrates stored as glycogen in the liver and muscles, 
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and also of fats. Thus most of the nitrogenous material of the food consumed 
by a full'groTO animal is waste matter. The body can convert the products of 
protein digestion into carbohydrates by removal of the nitrogenous portion 
in the form of materials such as urea, CO(NH 2 ) 2 . These, are eliminated 
from the body in the urine. The urine is produced by two bodies known as the 
kidneys, which communicate with the cloaca by tubes known as the uretm 
(Fig. 397). Each kidney is a flattened ellipsoidal structure with a small cavity 
continuous with the canal of the ureter. Into this cavity open innumerable 
closely packed tubules of glandular structure which mske up the substance 
of the kidney. These tubules terminate in a flash-shaped swelling whose w^s 
are invaginated to receive a tuft of small blood vessels, this portion being 
called the Malpighian body, or capsule, after Malpighi (1628-1694), one 
of the earliest microscopists. In man and most mammals the ureters open into 
a capacious receptacle with muscular walls, the bladder. This communicates 
with the exterior by a duct called the urethra, separately in the female and 
along with the male generative ducts in the male. 


THE MINERAL NEEDS OF THE LIVING MACHINE 

In addition to the three classes of organic materials called carbohydrates, 
fats, and proteins the body of plants and animals contains various mineral 
salts dissolved in the tissue fluids, such as the ceU sap of plants, the blood, 
and the lymph or clear fluid in the body cavities of animals. The mineral 
needs of the body may be divided under two headings. First come elements 
which enter into the composition of the organic materials. Thus most proteins 
contain sulphur. Many contain phosphorus. Haemoglobin contains iron. 
Haemocyanin, the corresponding blue respiratory pigment of lobsters and 
snails, contains copper. The plant gets sulphur and phosphorus as it gets the 
nitrogen necessary to build up the protein molecule from mineral salts 
(sulphates or phosphates). Animals get their proteins ready made. So the 
supply of sulphur and phosphorus is usually adequate if the nitrogenous 
content of the diet is sufficient. 

Magnesium is specifically necessary for the green plant because chlorophyll 
is an organic magnesium compound, In vertebrate animals (fishes, reptiles, 
birds, and mammals) the thyroid gland in the neck manufactures an organic 
compound of which the molecule contains iodine (see p. 863). On this 
account iodine is essential to healthy growth. Iodine is not present in appre¬ 
ciable quantities in other animal tissues. For plants and invertebrates it does 
not seem to be an essential element, though it is present in seaweeds. Near the 
sea the quantities present in salt carried by the breeze ensures a supply 
adequate to a nimal needs. Some inland and mountainous districts of Europe 
and America have a very low soil iodine content. Thyroid deficiency diseases 
(goitre, cretinism, etc.) of human beings and livestock are therefore endemic. 
This is remediable by a very small addition of iodine to the diet. In Switzer¬ 
land the State provides iodized table salt, ±e necessary iodine content of 
which need not be greater than one-millionth of an ounce per daily salt 
ration of a single person. Iodized rations are also recommended for inland 
hog rearing, because the pig is very liable to iodine starvation if the soil 
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iodine content is low. The essential secretion of the thyroid gland is a 
crystalline compound containing 23 • 2 per cent carbon, 1 • 4 per cent hydrogen, 

1 ■ 8 per cent nitrogen, and 65 ■ 4 per cent iodine, 

A second class of mineral food constituents includes tliose which appear 
to exist as salts in the tissue fluids and sap. These include the chlorides of 
several metals, notably sodium, potassium, calcium, and magnesium. Sodium 
does not appear to be essential to plants. Potassium, calcium, and magnesium 
are all essential to them. Which species flourish in different soils under 
similar climatic conditions is very largely affected by their relative suscepti¬ 
bility to a low local content of one or the other. The addition of a relatively 
s mall dressing of the appropriate salt is an important part of the technique 
of modern soil husbandry. 

Potassium and calcium are essential to the life of all cells. This can be 
illustrated in a very spectacular way (Fig. 433) by perfusing the heart vdth a 
mixed solution of salts in roughly the same concentration as they occur in the 
blood. When a frog’s heart is removed from the body it empties itself of blood, 
and in a few seconds stops beating. If a glass tube is inserted into the main 
venous orifice so that it can be supplied with a suitable solution of salts of 
the three essential metals, it at once begins to beat vigorously and will con¬ 
tinue to do so for several hours. The mixture used is composed of the chlorides 
of sodium (6 parts per thousand by weight) and potassium and calcium 
(1| parts per ten thousand by weight) together with a little sodium bicar¬ 
bonate or phosphate to make it slightly allcaline. If the perfusion fluid is 
replaced by a mixture from which either the calcium or potassium is omitted 
the heart-beat comes to a standstill. This happens almost instantaneously 
if no calcium is supplied. After being stopped in this way, the beat resumes 
almost at once when the heart is supplied with the original mixture. If the 
solution contains a little sugar the isolated heart can be made to beat for 
several weeks. Otherwise it gradually uses up its food reseiwes, and then 
ceases to be able to work. The same results can be obtained with the sheep’s 
heart, which can also be made to go on working outside the body for at 
least three weeks, provided the temperature of the fluid is kept near blood 
heat, i.e. about 36° C. For prolonged experiments of this kind a trace of 
magnesium is necessary. Lately it has been shown that small traces of man¬ 
ganese may be essential to fertility in mammals. It is not yet known how it is 
used. Manganese is also necessary to many plants. 

Animals are not liable to magnesium deficiency since all green plants 
contain ah abundance of magnesium for their needs. On the other hand, 
plants which grow on soils with a low lime content may contain a relatively 
small amount of calcium. Hence herbivorous animals like the pig, which is 
highly susceptible to calcium deficiency, are liable to various diseases (especi¬ 
ally rickets) unless lime fertilizers are applied to the soil or an extra calcium 
ration is given. The figure aheady cited with reference to iodine illustrates 
the general principle that a soil deficiency which might completely exclude the 
possibility of successful livestock husWdry can often be remedied at a 
negligible cost. The provision of suitable mineral rations or soil dressings 
is one way in which advancing biological knowledge is making it possible to 

break down the natural limitations of locality. 
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According to the doctrine of free trade as set forth in Tom Paine’s Riihts 
of Man, it used to be accepted as an axiom that regions which produce pat' 
ticular products produce them because they are inherently adapted to do so. 
This belief, lilte the Ricardian superstidon, is based on the implicit assump¬ 
tion that biologists will never be able to find out how it happens that things 
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Fig, 433.—Set-Up of Expeeiment to Show the Dependencb of the Heart-Beat 
ON AIetaixic Ions 

A frog’s heart will continue to beat for many hours if supplied with a solution contain¬ 
ing the same metallic ions (sodium, potassium, calcium, and raapesium) as blood in 
the same proportions. By means of tlie taps A and B the heart can be. alternately 
. perfused with a saline ntoute of the proper composition and a saline mixture from 
which one constituent has been left out or added in excess. The figure shows how 
the heait-beat stops when the heart is perfused widi a calcium frec^fluid, and how it 
starts to best normally when the proper saline is supplied once more. A sheep’s heart 
can also be kept beadng m the same way, but tlie fluid must be kept about body 
temperatui'e. 


grow in one place and do not grow in another, what makes them grow best, 
and how: they can be induced to grow at all. There are iimiunerable limiting 
factors to growth. If any one of them is lacking successful husbandry of 
crop or stock is impossible. It may happen that the lack of one of them can 
be remedied at a trifling outlay, when other contributory agencies are 
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specially propitious to success. For instance, a plant admirably adapted for 
foliage or root growth and fruit ripening in England may not ordinarily 
grow there, because the seedlings are susceptible to early frost. If we know 
this, it may be less wasteful to let the seeds germinate under glass than to 
import the final product from Honolulu. As with chemistry so with biology, 
more scientific knowledge means less dependence on nature’s ready-made 
amenities. 

VITAMINS 

Early work on nutrition belongs to the same social context as the experi¬ 
ments of Watt on horses. The human body was first studied as a machine 
for doing work. Its food requirements were investigated from the standpoint 
of energy transformed in short periods of work or rest without regard to a 
long-range view of national well-being. This limitation of outlook was a 
proper corollary to the sentiments of the prosperous classes in die first stage 
of industrial capitalism, when the worker was called a "hand.” The balance 
sheet ,of food consumption, respiration, excretion, and energy production in 
experiments of short duration did not show any discrepancies beyond the 
range of experimental error, and the lesson of scurvy had been long for¬ 
gotten when the modern study of nutrition began. Till recently it was tlicre- 
fore thought that the three main classes of foodstuffs supplemented by traces 
of the requisite mineral salts include all the essentials of a healthy diet. 

The advance of knowledge has now got bey ond the physiolo^ of tie worker 
as hand, and is beginning to tell us something about the nutritional needs of 
the worker as citizen. In the first decade of the present century the chemistry 
of foodstuffs had progressed so far that it was possible to carry out more exact 
observations by feeding animals on diets of chemically pure protein, fat, and 
carbohydrate. The animals reared on such diets refused to grow, though they 
thrived if comparatively small traces of natural foods were added. Further 
research showed that different symptoms of disorders produced by exclusive 
feeding on such purified rations could be eliminated by the addition of small 
quantities of ordinary articles of food. So it has been possible to distinguish 
different "accessory food factors,” the absence of any one of which is asso¬ 
ciated with a particular defect. 

Generically these substances have been called vitamins. The name does not 
mean that they have anything in common besides the fact tliat they do 
not belong to the classes of diet constituents previously believed to be all- 
inclusive, the fact that the requisite quantities are very small, that they all 
appear to be organic compounds, and that their chemical constitution was 
unknown when tlie word was first introduced. The chemical constitution 
of several of them is now known, some can be synthesized and others will be 
synthesized in the near future. Research along these lines was encouraged by 
the conditions of food shortage durmg the European war of 1914-18 when 
“nutritional” diseases lilte scurvy and rickets came into prominence. 

Scurvy is due to the absence of a comparatively simple substance in the 
diet, it h ascorbic acid. Before its chemical nature had been determined it was 
called "vitamin C.” Ascorbic acid has the formula CjHgOj. It has alcoholic 
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itul ketone charactcriHtics on account of four OH and one CD radicles in 
the tnolectile. It is present in most fresh fruit and in many vegetables, esj^eci- 
ally in oranges, lemons, black currants, green leaves, and potatoes. Since its 
ntoicculiir constitution has been discovered, its commercial manuiaciure from 
glucose has been started. 

Cakifmls with the formula ChKlI^sOH, is one of the known forms of 
another vitamin, ‘1).” It is produced by die action of ultra-violet light on 
another alcohol called ergosiewl. Ergostcrol has the same formula CanHiaOH 
with a difl'creut intemai arrangement of the atoms in its molecule. The exact 
chemical constitution of both substances is now known. Various fish liver 
oils contain anttihcr form of vitamin I) whose formula is CuHuOH. %So also 
does butter fat, The 1) content of the husks of ripe cocoa bkns is high, and 
the latter can be used in cattle feeding to raise the I) amtent of the milk. 
The absence of I) is responsible for the deficiency’ disease ailed rickets, 
still common among the ptwrer section of the population. Rickets on be 
cu red and, of course, prevented by administering any form of vitamin l), or 
by esposure to ultra-violet radiation from imense suidight or a mercury 
vapour lamp. The exposure leads to the production of I) in the sWn from pro¬ 
vitamins such as ergosteroi. Rickets is i defideng disase affcaing cspaitily 
kmc and tooth development in children. They tre especially prone to it k 
brought up in dingy dwellings and sunless dliea, unlesi the lad of ultra¬ 
violet liglit in their normal environment is countatsilmad by a diet con¬ 
taining excess of D, that is to say a diet with plenty of fresh eggs, summer 
milk ind butter with preferably, to make sure, some fish hwr ml or csldtel 
preparation. Figs are also liable to get rickes, Modem pig-bwders tike special 
precautions to avoid this. In Somdmaviia couatjies glais which wmmlis 
uitia-violct light ii used for 4e windows of p-i|-ifyes, lliew has bow more 
progress in the education of Dtnisb, dan in ti» ^edwden of 

British plitkians. 

' Scurvy anti rickets arc the chief diet '"defideng” dteies wiidch have 
attracted ittention k the Wat, There irs sewnl otes. Appsmtly the 
animal body needs a sutetaice which is abundant in the bmk \mt mt to the 
grain of plant seeds like cefcals. Its absence produca a«» musotlar weak¬ 
ness, cspcciilly in birds. A aimite condition in haman bdap ii the disetsc 
called “beri-beri** to which Japanese iwisants who live kfely on»diet of 
polished rice a.re liable. I’his is because removil of the hml wniow *Mti« 
min Bt". Beri-bcri an be cu«d by the adashilitisttos of tnitible attracts 
made from these husks, from wheat\gftrm.or ta ywt. The tdve.ttesial 
fflMtitoeiit is ipparently an urmsual type tf , 0 !:^c componad witt die 
piovkionil formult CjiHjyO N^S. Cl. To keep aairaili teaJtiby on dkts 
of pure proteins, fats, cirbohydirata, iind aimeml sili it ii «wt.ditl to idd 
various other substaices like the above in. minuto qtaadtlei, Q«s rf tee, 
called vitamin A, ii p««iS .iteng with D In fernna* it, ^ yi^ Kid <s>d:* 
liver o,ii, apccklly in the firat two. Jfis ilio w, iIcoW irith & testa 
CialliiOii, chemically rated to^ the plini pi| 3 ttat cmik. The «tol 
Wy «a convert the tea mto A, If the -diet is dddathi A« « in ate 
iui pio-firamin, animals show gcaerai Ability to bictel instete, «a 
ick^nira imlaiffifflQ seeffli to help rawtance to dls<mt> ike col^ md 
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infiiieirra, Anotlier, called vitamin Bi,, has a rather similar distribution to Bi, 
and was at first confused with it. Deficiency of one of the B vitamins is 
responsible for pdhi’m^ a disease of the digestive system and skin. The 
composition of what is now called vitamin E, present in cereal oils and green 
leaves, especially lettuce, is not yet known. If it is absent complete sterility 
: results from degeneration of the testis in tlie male and resorption of early 

embryos in the female. 

A supply of fresh butter and green vegetables or fresh eggs ensures the 
presence of sufficient vitamins to meet the requirements of healthy growth. 
A liberal allowance of milk keeps up an adequate supply of calcium, and of 
I Bjj. If the mineral and vitamin content of a diet are safeguarded by tliis 
i means, or by recourse to the use of pure chemicals such as calciferol or 

j carotin, a diet of soya beans can supply all that is necessary for tlic physical 

I requirements of a human being. While wheat, barley, and rice appear 

j to be adequate as sources of proteins, maize is not. The reason for tliis is 

I that digestion of maize protein does not yield one of the amino acids (trypto- 

} phanc), which is an essential constituent of proteins in the animal body, 
j Biological knowledge is now approaching the stage at which it will be 

i possible to specify all the necessary constituents of a plant or animal diet com- 

I posed of chemical pure substances. The result is that a totally new attitude 

f to husbandry is emerging. On the one hand we can plan for an irreducible 

I minimum consumption appropriate to universal human needs. On the other, 
i we can plan for the expenditure of a minimum of human labour in producing 

i the necessary constituents from the soil with the aid of sunlight and bacteria, 

i Two obstacles stand in the way of using our newly gained knowledge of 

I nutrition in its twofold aspect. One is the obstructive individualism which 

I opposes any interference with planless competitive enterprise in food pro** 

! duction. The other is that our Colonel Blimps are less concerned with the 

proper are of their fellow countrymen than with the provision of a healthy 
i diet for pigs, racehorses, or bullocks. Indeed, the most vocal zoophilists and 

j anti-viviscctionlsts are found among those who take up human destruction 

i as a profession or profess complete disregard for human well-being by the 

I way thg behave in tlieir capacity as voters. In some countries the Colonel 

\ Blimps have come now to regard a national minimum of calories as a patriotic 

I gesture; and arc thus abreast of scientific knowledge in 18150 or thereabouts, 

i llie calorie standard of nutrition is fitting to a slave civilization in 

j which cheap labour is abundant. “Britons never will be slaves” should 

i not be sung at meetings of parliamentary candidates unless they are 

I prepared to force a national minimum of food for all in sufficient variety 

; ■ to ensure continued growth and health. A standard minimum diet is not 

i a sufficient guarantee of national health unless it makes allowance for 

! ■: preferences which result from social habit. To take a horse to the water is one 

j, thing. To make it drink is another. So also it is one thing to see that every 

citizen can get the necessary quantity of vitamins, and another thing to make 
sure that he can get them in a palatable form. In contemporary society the 
difference te'cen the quantity and variety of food consumed by the richer 
and poorer sections of the community is more conspicuous than any difference 
in the quality of the conversation which accompanies its consumption. Using 
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our knowledge to the fullest extent does not mean that variety need be sacri¬ 
ficed to a narrow definition of efirdency. The mechanical technology of the 
coal-steel age employed coal tar chemists to furnish thousands of synthetic 
dyes as substitutes for the few natural colours which primitive biotechnology 
provided. If biochemists were set to work at the problem, they could produce 
thousands of new synthetic flavours as substitutes for tlie limited range of 
natural ones which are now available for the culinary art. The sdence of 
nutrition will recdve a new impetus when national food production is planned 
to safeguard the health of every citizen. 


WATER CULTURE AND TANK GARDENING 
In its earKest stages the study of plant nutrition was mainly based on 
potting experiments with the addition of excess of one or other ingrediente 
to a poor soil. The recognition that they can make their ovm organic materials 
from the carbon dioxide of the air and the salts and water of the earth led 
later to a simplification in the technique of studying the dietetic needs of 
growing plants. A seedling can be brought to maturity by letting its roots 
grow in water, if the water contains the requisite inorganic salts in a total 
concentration which does not produce shrinking or swelling of the root 
cells owing to osmotic pressure. In the last ten years this technique, long 
familiar as a laboratory device, has been adapted to the economic production 


The growth of forage crops without soil is described in, the following 
citation from (October 1936) : 


Attention has recently been given to production of green fodder for cattle 
and other farm stock without the intermediary of the soil. In Great Britain the 
metliod advocated is apparently of German origin, and it is claimed that the 
fodder is grown from seed in ten days. According to published accounts, a layer 
of seed (maize or other gram) is spread on a perforated metal ttay, and the tray 
is placed in a cabinet, constructed to hold a series of trays. The seed is damped 
daily by water, containing a small percentage of nutrient salts, from a 
placed on the top of the cabinet, and, when an adequate temperature is main¬ 
tained, the seed germinates and in 10 days a growth of shoots some 12 inches 
high is obtained. This growth of shoots, with the mass of rootlets, is then 
given to the stock. Several trials have shown that this fodder is readily eaten 
by stock, but carefully controlled experiments are necessary to demonstrate the 
full nutritive vdue and the costs of production of this fodder. 


This practice does not seem to involve the formation of new material by 
photosynthesis. It is essentially a rapid way of convertmg the food stores 
already present in the grain into a form more suitable for the consumption of 
farmstock. 

Of greater interest are other experiments carried out at the University of 
California by Professor % F. Gericke, on the production of crops in shallow 
tanks of water to which the necessary chemical fertilizers have been added. 
The seeds are sown in a layer of sawdust or moss on wire netting just above 
the water into which the roots grow. Even jn localities where the soil is 

16, 1929): 
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Among tliese are: (a) Certain desired compositions of plants can be obtained 
by growth in water tlwough manipulation of factors that affect absorption of 
specified elements j {b) more economical use of elements by growth in water 
through manipulation of factors that restrict absorption to definite growth 
periods; (c) more economical use of water, as all that is supplied is available; 
(d) closer planting can be employed; (e) complete portability of plants, especially 
desirable in flowers. 

Details of yield obtained by tank culture have been Idndly supplied by 
Professor Gericke in a private communication. Four basins, each providing 
25 sq. ft. of water surface, yielded 1,224 lb. of ripe tomatoes. The 28 lb. of 
chemicals required for this crop cost less than 3 cents a pound. A basin 
providing one-hundredth of an acre of water surface yielded 24*65 bushels 
of potatoes. These were grown in the open and required 40 lb. of salts. While 
large yields can also be obtained with cereals, the cost of chemicals is here so 
large an item that the method may not justify the cost of the equipment. In 
general, the crops most suited to tank culture are those with a high water 
and carbohydrate content. 

At present we can only guess at the wider implications of this biotechnical 
advance. Plant growth is limited by three main factors : light energy, mineral 
salts, and water. Agricultural production has hitherto been confined to 
regions where the supply of these three essentials is already adequate, or, as 
with the last two, where the local supply can be supplemented by manuring 
or irrigation without too much trouble or loss. The energy of sunlight 
goes to waste over the hot deserts where rainfall is scanty, and the sand 
will hold neither water nor salts. Irrigation is costly, and most of the water 
used sinks through the desert sand, so it is wasted, carrying with it the soluble 
salts. Tank culture, on the other hand, limits water loss to evaporation. 

Some of the most significant advances in the application of science during 
the past two centuries have been those which have helped us to find universal 
substitutes for the endowments which Nature distributes in localized ai’eas. 
It is entertaining to speculate how far tank culture may eventually equalize 
the potentialities of the sunnier parts of the earth. It is not beyond the bounds 
of possibility that the Sahara may become a vast open-air factory for storing 
smilight in the starch and cellulose of potatoes or artichokes. Thri codd then 
be converted on the spot into power alcohol and sugar. We are now wit¬ 
nessing the beginnings of a biotechnical revolution that will idegate the 
Law of Diminishing Rettims to the same limbo as phlogiston. 
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CHAPTER XX 

THE ASCENT OF MAN 


The doctrine of common descent or organic evolution, foreshadowed in the 
world outlook of the Ionian naturalists and their Epicurean successors, was 
revived in the period of intellectual ferment which preceded and accompanied 
the French Revolution, when the teachings of the Greek materialists were in 
favour among scientific investigators. Without attracting much comment 
from the world at large or exciting much discussion among other naturalists, 
it was defended in England by Dr. Erasmus Darwin of the Lunar Society 
(see p. 431), in France by Lamarck and Saint Hilaire, and in Germmy by 
Goethe. The influence of the new doctrine was ephemeral. While the 
systematic study of plant life was the professiond business of the apothecary, 
the seed merchant, and nurseryman, that of animals was still a gentlemanly 
pastime without any professional organization of its own. In die half centu^ 
before a vigorous controversy raged around the publication of Darwin’s 
Origin of Species, the French zoologist, Cuvier, elevated to the rank of 
baron by the return of the Bourbons, exerted aU his influence as leader 
of a new school of comparative anatomy to discourage evolutionary 


speculation. ^ . , 

The accumulation of an immense collection of new data conspired to 
commend the almost universal assent of scientific men, when Darwin ex¬ 
pounded it with singular journalistic skill which few scientific writers have 
excelled. On the other hand, the approval of his fellow naturalists provides 
no explanation for the fact that Darwin’s writings became the focus of one 
of the greatest intellectual struggles in the history of human knowledge. 
To understand why this is so we have to recall the fact that Englmd was 
the centre of the controversy. England was approaching the zenith of a 
prosperity based on the exploitation of new scientific knowledge, and the 
new captains of industry had not as yet acquired an effective voice in the 
policy of the official strongholds of English culture. Nonconformity prevailed 
among the entrepreneur and the new personnel of science. The test Act of 
1673 which imposed the acceptance of the Anglican saaament on English 
candidates for public ofiice was not repealed till 1828, and the removal of 
religious tests which excluded Nonconformists, Catholics, and Jews from the 
universities was not completed till fifty years later, then only in the teeth of 
bitter opposition from the Bishops’ bench in the House of Lords. Even tlie 
condition of the English Royal Society had prompted Babbap, Lucasian 
Professor at Cambridge in the Newtonian succession, to write his tract 
(1830) on The Decline of Science in England, and years later Faraday’s dis¬ 
satisfaction prompted him to refuse the presidency. H. G. Wells states the 
position in the following passage: 


British science was largely the creation of Englishmen and Scotchmen 
working outside the ordinary centres of erudition. We have told how the 
universities after the reformation ceased to have a wide popular appeal, how 
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they became the educational preserve of the nobility and gentry and the 
strongholds of the established church. A pompous and unintelligent classical 
pretentiousness dominated tliem, and they dominated the schools of the middle 
and upper classes. The only luiowledge recognized was an uncritical textual 
knowledge of Latin and Greek classics, and the test of a good style was its 
abundance of quotations, allusions, and stereotyped expressions. The early 
development of British science went on therefore in spite of the formal educa¬ 
tional organization and in the teeth of bitter hostility of the teaching and 
clerical professions. 

A few dates and incidents wiU bring tiie social milieu of the controversy 
into prominence. In 1854 dissenters were first admitted as students to the 
Universities of Oxford and Cambridge, in which teaching posts were still 
restricted by religious tests. The obstruction of the Bishops’ bench to com¬ 
plete removal of all religious qualifications for college and university offices 
(other than chairs in Divinity) was not defeated till 1878. In 1856 the first 
Atlantic cable was completed. Lord Kelvin (then William Thomson), as a 
director, laid the foundations of a fortune (see p. 729) which vindicated the 
plea of Babbage by applying Newtonian mathematics to the measurement 
of delayed transmission. In 1859 Darwin published the Origin of Species. In 
1860 Bishop Wilberforce came to the British Association to ask if Huxley 
claimed descent from a monkey through his grandfather or his grandmother. 
During the controversy which ensued Disraeli’s undergraduate flippancy 
and the impudent pomposity of William Ewart Gladstone were enlisted in 
the defence of the Faith. 

The Normal School of Science where Huxley taught was not what it 
now is, the Imperial College of Science and Technology, an institution 
powerffil enough to seduce Sedgwick from the chair of zoology at Cam¬ 
bridge to direct Huxley’s former department. In Darwin’s time there was no 
provision for modern scientific instruction in the older British seats of learning. 
Cambridge did not capitulate till Kelvin had made his fortune. Oral tradition 
relates how the proposal to equip laboratories for practical teaching in 
experimental physics was opposed in the senate by a prominent mathe¬ 
matician. He contended that students should be content to accept the 
testimony of professors who were all communicating members of the Church 
of England. True or not, the story is representative of the temper of the time, 
The scientific controversy was carried on while tiie political struggle over the 
Test Acts was still proceeding. The intervention of Bishops and of an Anglican 
Prime Minister inevitably made evolution the ideological symbol of the move¬ 
ment to reshape the key positions of English education in accordance with 
the aspirations of the new industrial leaders. 

A parallel struggle in Germany, where coal-tar chemistry was to provide 
new opportunities for exploitation, was carried on with Haeckel as the 
champion of evolution. The following remarks by Humphrey in The Scientific 
Worl^, Nov. 1937, describe tiie German scene: 

In Germany supporters of political reform took up Darwinism almost as 
their catchword. The middle-classes were still oppressed by the remains of the 
aristocracy, and the Liberals were still hemmed in by the clerical and conserva- 
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tive forces. This reaction became intensified after the 1848 revoludonj and so 
also was the fight for E)ai'winism. The main populadzers were Johamies MuEer 
and Haeckel. The latter was particularly keen in fighting tlte doctrine of 
ignorahimus in whicli he scented political reaction. In 1877 at a scientific meeting 
at Munichj while the Prussian Government was drafting a nev/ educational law, 
he gave an address upon the relation of evolution to science in general. In it he 
expressed tlie assurance that biology conceived in an evolutionary manner is not 
an exact but an historic science, and could form a basis for a uniform view of 
life which would gradually reconstruct the whole of human existence on general 
humanitarian lines, and which should therefore constitute the foundations for 
all education. Pie was opposed by Virchow, who said that Darwinism was 
largely unproved and that school education should confine itself to indisputable 
proofs, This view was greeted with cheers by the conservatives. Shortly after¬ 
wards the Prussian Minister of Education sent round a circular strictly for¬ 
bidding schoolmasters in the country to have anything to do with Darwinism, 
and in the new educational law biology was entirely excluded from the 
curriculum, The time when German biology held its own in tire world came 
with the immense technical and economic development which followed the 
unification of the German states into the Empire. 

The acceptance of evolution as an ideological gesture of the cultural 
supremacy of the new manufacturing plutocracy in England and Germany 
had two effects. One was beneficial to science. The other which was harmful 
is not sufficiently emphasized, and is only beginning to be apparent to a few 
biologists. The controversy proved beneficial kcause it encouraged biological 
teaching in the universities, attracted benefactions for research and support 
for the growth of public museums. It helped to raise the pursuit of biology 
to independent professional status, and supplied funds for apparatus and 
equipment. This nursed into being new branches of enquiry which had no 
immediate application in social practice at the time. In doing so, it con¬ 
tributed to the advancement of useful Imowledge in the long run. Meanwhile 
it deflected interest away from the pressing bioteclinical problems which' 
had been raised by new horticultural practices in the first half of the century 
and concentrated attention on the more purely descriptive study of living 
creatures. 

In assimilating evolution to its cultural aspirations, industrial capitalism 
moulded the direction of biological enquiry in accordance with its material 
requirements. During the revolutions of Stuart times large-scale farming 
associated with the enclosure movement which continued tlrroiighout the 
succeeding century offered an outlet for capital investment, reflected in the 
active interest of the English Royal Society in all aspects of husbandry. 
When the evolutionary controversy began, only a decade had passed since 
the repeal of the com laws. The policy of agricultural self-sufficiency had 
been abandoned. Cheap bread supplied from undeveloped territories to 
factory employees in rapidly growing centres of urban congestion was the 
proper coroUacy of low wages. Darwin’s emphasis on competition as the 
basis of selection in nature endowed mthless commercial rivalries with the 
verisimilitude of natural law, while Ricardian economics placed a flaming 
sword between the farm and the factory. 

Side by side with the work of contemporaries like Mendel whose researches 
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had a close relation to the biotechnical problems of liis age, Darwin’s experi¬ 
ments on heredity represent a mean order of performance. That French 
biology received little stimulus from the evolutionary controversy is not 
surprising. The revolution had long since liberated education from the yoke 
of an established church. In close relation to the needs of the wine industry 
and an active policy of agricultural development France experienced a 
brilliant efflorescence of biotechnical invention, while English and German 
biologists were preoccupied with filling the laainae of the evolutionary record, 
Except in so far as it retained its contact with social practice through 
medicine, the leadership of Britain and Germany in biological science ended 
when the larger laciraae had been filled. Strildng progress of biology in 
pursuit of its trae and lawful goal has since taken place in countries like 
the United States, Scandinavia, and more recently the U.S.S.R., where 
large-scale capitalist farming with paternal encouragement from the Govern¬ 
ment, co-operative farming and State planning are supplying new problems 
and the resources for solving them. It is significant that a demand for Govern¬ 
ment intervention in British agriculture, voiced by eminent biochemists, now 
comes from a school of biologists whose work lies outside the evolutionary 
tradition. 

The struggle for cultural supremacy and the laisser-faire outlook of 
the manufacturing classes conspired to make the evolutionary problem the 
focus of a controversy which extended far beyond die boundaries of scien¬ 
tific intercourse, and the thesis which put the match to the bonfire signalizes 
a new phase in the history of scientific discovery. A slow process of accumu-' 
lating new facte had occurred during the preceding century at increasing 
tempo. As with the solution of a picture puztie, a point was reached at which 
the general pattern became suddenly and brilliantly dear. During the last 
half century before Darwin’s Origin of Species was published three themes 
had become prominent in biological studies. 


THE PRINCIPLE OF UNITY OP TYPE 

Of these, a new orientation in systematic dassification of living animals 
and plants might seem to be, least related to the socbl milieu. From 
andent times the search for medicinal herbs and for ornamental plants 
sustained a more or less continuous interest in codifying the diagnostic 
features by which different species can be identified. Between the herbals of 
Theophrastus in 300 b.g. and of Gerard in a.d. 1600 there was very little 
genuine progress m content or metliod. The herbals of the sixteenth century 
describe many plants which were not known to the Greeks or to the Arabs, 
and omit others that were. Till the practice of realistic illustration, fostered 
by the growth of surgery in the sixteenth century, slowly spread to other 
types of medical treatise, information of this type kd a local and ephemeral 
character. The contents of the herbals waxed and waned simulianedusly, 
and scarcely reached dimensions beyond which ready reference without 
recourse to codification would have ken impossihk 

During the seventeenth and eighteenth centuries a uqw genre of botanical 
treatise reflects the growth of public and private physick gardens, the acquisi- 
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tion of new medicinal and commercial plants such as Peruvian bark (quinine), 
the potato and tobacco from the New World, the organization of commercial 
seed production and horticulture, and tlie invention of the microscope. The 
nm genre was in turn both more intensive and more extensive. The herbals 
of the sixteenth century display hardly a rudiment of systematic classification. 

A turning point is signalized by the herbal of Jung of Lubeck in the opening 
years of the seventeenth century. Jung arranges flowering plants in assem- 



Fig. 434.~-Malpighi’s Drawings of the Germination of the Bean— 

A Dicotyledon 

The two seed-leaves or cotyledons are fleshy food stores between, which the young 
root and shoot are at first concealed, c shows the seedling in section, and in s both 
cotyledons have been removed. In t, the root nodules characteristic of legumes are 
figured for the first time. 

(This and the nest figure reproduced by Ms kind permission and that of the publisher from Dr. Charles 
Singer’s 5forr ifiswoi a/JSw/o®, Oxford University Press.) 

blages which show similar types of flowers. Such are the Compositae (daisy 
family), the Labiatae (dead-nettle faimly), and ±tLegumim)sae (pea family). 
With tliis end in view he prefaces his arrangement of known plants with 
descriptive terminology for external characteristics of plant organization such 
as the inflorescences (spikes, umbels, panicles) for which his own terminology 
has come down to us. The work of Morrison, Professor of Physic at Oxford, 
represents the intensive type of study. His treatise (1672) on a single family 
of flowering plants the Unibell^erae (parsley, can'ot, etc.) emphasizes how far 
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the recognition of new species had extended beyond the range of the ancient 
herbals. In the herbal of Theoplirastus, a disciple of Aristotle, about three 
hundred plants constituted an exhaustive account of the world’s flora. When 
Ray published the most notable example of the new extensive treatise 
{Hhtoria plantarum) between the years 1684 and 1704, he was in a position 
to describe nineteen tliousand plants divided into one hundred and twenty- 
five assemblages which included, in addition to the famflies mentioned above, 
the Crudferae (wallflower family), the Ruhiaceae (goose grass family), and 



Fig. 430.—Malpighi’s Drawings of the Germination of a Grain of Wheat-^ 
A Monocotyledon 

e is the last in the series. Part of the single cotyledon remains within the grain as an 
absorbing organ, and the rest of it forms the sheath of the fcst ordinary leaf. . 

Others of which the names survive in botanical works today. The beginnings 
of a hierarchical arrangement are also seen in the broad division of flowering 
plants into Monocotyledons and Dicotyledons (Figs. 434,436). 

The practice of classifying plants for purposes of identification arose 
naturally from the accumulation of more data than the unaided memory 
could manipulate. The several social agencies which encouraged systematic 
description of new species have been indicated sufficiently in previous 
chapters. Once classification began, an ever-present reality of animate nature 
stamped itself inescapably on the execution of the task. The principle called 
Unity of Type did not spring into existence suddenly. As more intensive 
and extensive studies developed side by side, botanists began to realize that 
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some characteristics) e.g. the colour of the flower, are shared by plants with 
few other common features, while others distinguish groups of species with 
man y common features. Hence it is possible to arrange plants in groups 
of which the members share a very large number of characteristics winch 
distinguish them from other plants. The dawning recognition of this possibility 
which expressed itself ra a complex hierarchy of resemblances is inherent in 
a practice which is already found in the herbals of the sixteenth centu^, 
though it was not generally adopted. Each plant had two names, one specific 
to it, the other its generic name characteristic of others which resemble it very 
closely. 

The arrangement of living creatures in a system based on unity of type 
may be illustrated by the classificatory position of man and the primrose. 
Each is a species, i.e. a group of organisms of which the members interbreed 
freely with one another and do not breed freely v/ith members of other 
species in nature. In each species there are several local varieties ot mces 
which preserve their distinct characteristics if they are prevented from inter¬ 
breeding by geographical or artificial agencies. Any single species may 
contain an immense number of such varieties, which can be deliberately 
perpetuated by breeding like to Hire as in animal husbandry, horticulture, 
and crop production. Such varieties would soon lose their distinctive features 
if left to breed with one another without interference, and the distinction 
between varieties and species is therefore capable of being put to experimental 
test. In practice it is difficult to decide whether two distinct forms are actually 
different, unless they occupy the same locaUty. There is then no barrier to 
crossing except their own disabifity. Two local varieties which are separated 
by a mountain range or sea may be classified as distinct species though they 
would freely mix if there were no such obstacle to prevent them. 

Both species referred to have two names, a first or generic which it shares 
with the species most like itself just as we share our surnames with our brothers 
and sisters, paternal cousins and parents, together with a second or specific 
name which indicates a particular member of the genus just as our Christian 
names dis tin guish us from our brothers and sisters. Thus Wordsworth 
was one of the species called Homo sapiens wd the primrose is Primula 
veris. Homo mp/eMS includes a niunber of more or less distinct local varieties, 
e.g. Eskimos and Negroes. Where the natural and social barriers of ocean and 
tabu have been broken down by commerce and colonization all these varieties 
mingle and produce fertile hybrids. Some botanists classify the cowsHp and 
the primrose as the same species, because fertile hybrids occur in nature. 
Since they flower at rather different times and flourish best in different 
surroundings, they tend to preserve their distinctive characters in the same 
locaHty/So other botamsts distmguish wmj, the cowsHp, as one 
species and the primrose, as another. 

The “binomial” custom which is sometimes wrongly attributed to Linnaeus 
grew up gradually as the principle of unity of type impressed itself on the 
herbaHsts. Gerard’s herbal contains several examples of binomial epithets 
still in use. In the eighteenth century Linnaeus was the first writer to adopt 
the practice as a universal rffic. The immense economy effected may 
judged by comparing his name for the Red maple Acer nibrum with its earHer 
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tide Acer Amerkamm, folio tnajore, mptus argenteOi supre viridi spkndsnte, 
orihus multis coccineus. 

A name such as this attempts to convey all the relevant infomiation for 
identifying the species indicated by it. As the herbals grew in size and more 
plants were dislinguished as distinct species the attempt to do this became 
obviously hopeless. So it was necessary to codify the characteristics of each 
species by grouping them together. Species were grouped into genera, 
genera into families or orders, orders into classes, and dasses into larger 
units. Thus Primula veris (the cowsHp and primrose) and Primula elatior 
(the oxHp), which do not interbreed in nature, resemble each other closely 
in many respects, on which account they are placed in the genus Primula. 
On turnin g up a botanical treatise like Eentham and Hooker’s British Flora, 
you wiH find tliat the genus Primula is grouped with several other genera 
such, as AnagalHs (of which the commonest species is scarlet pimpernel) and 
Lysimachia (of which yellow loosestrife is one spedes) in a family or “natural 
order” called the Primukceae on account of the common features which 
their flowers share. The Primulaceae, with about fifty other famiHes repre¬ 
sented in Britain, are all placed in the sub-class Dicotyledons, vMPa germinate 
with two seed leaves and have adult leaves with a branching network of 
vessels. In contradistinction to these famiHes, Monocotyledons, Hke the Hly, 
have one seed leaf, and adult leaves with parallel vessels. These two sub¬ 
classes constitute together the class of Angiospmm, or flowering plants, one 
of the major divisions of plants. 

The economy of this codification Hes in the fact that you can distinguish 
an individual plant as a member of one species Primula veris among about 
a quarter of a million of named spedes now existing, if you know: (a) the 
characteristics which distinguish Primula veris from other primulas, (b) those 
which distinguish Primula from other genera of the Pmulaceae, (c) 
those which distinguish the Primulaceae from other famiHes of Dicotyledons, 
(d) those which distinguish Dicotyledons from Monocotyledons, (e) those 
which distinguish Angiospmns from flowerless plants Hke conifers, ferns, 
mosses, mushrooms, or seaweeds. So a hierarchic^ dassification is a key for 
identifying species in the most economical way. 

The procedure used with animals such as Homo sapiens arose out of the 
practice of the botanists and follows similar lines. Homo jup/erw is distinguished 
from Homo neanderthalensis and other fossil men who preceded him. The 
genus Homo is associated with other more apelike fossils such as Pithecan¬ 
thropus (the Java ape man) and Sinanthropus (the Peking man) in the family 
Hommidae. Along with several other famiHes of apes, monkeys, and mar¬ 
mosets, this is placed in the order Primates, all of wWch have grasping hands 
with nails, forward-looldng eyes in a closed bony orbit, and other features 
which distiuguish them from all other orders like Rodentia (mice, rabbits, 
etc.) or Proshoscidea (elephants), Chiroptera (bats), Cetacea (Whales) grouped 
in the cto (Mammalia) of warm-blooded animals which suckle their young. 
The dass Mamkalia share with birds, reptiles, and fishes common charac¬ 
teristics, on account of which they are placed in lik phylum Vertebrata, a major 
division of animals. 

The sodal background of plant classification calls for Httle comment. 
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It has been nursed in turn by the practice of medicine and of horticulture. 
It has a long record of gradual growth encouraged by whatever inventions 
and social agencies have conspired to promote the progress of medicine and 
horticulture. Intensive systematic study of animals came much later, and 
presents a less continuous spectacle of progress. The long break in the record 
of zoological studies between Aristotle and the seventeenth century suggests 
the clue to its dominant social incentive, 

We may roughly divide the history of systematic interest in animal life 
into three periods. First comes a period of thirty years or so dominated by 
the work of Aristotle and his pupils. No further progress is noteworthy till 
we reach the sixteenth century of our era, when the begin n ings of a new 
literature of zoology can be traced between 1660 and 1760. During this period 
while the systematic classification of plants made rapid progress, knowledge 
of aniinal life expanded notably without conspicuous advance towards a 
classification analogous to tliose in vogue today. The third period from 1760 
to 1860 saw the rise of hierarchical classification based on the recognition of 
Unity of Type. It is ushered in by the revival of evolutionary speculation, and 
reaches its climax in the general acceptance of the doctrine of descent. 

The fact that no noteworthy zoological progress was made by the brilliant 
civilization of Alexandria receives a sufficient explanation from its essentially 
urban character. The failure of the Arabs, who introduced herbalism into 
Europe, to make any signal contribution cannot be explained in the same 
way. What the Moorish culture lacks is the impress of a feature common 
to each of the three periods distinguished in the preceding paragraph. The 
materials of Aristotle’s survey of animals then known were collected during 
the campaigns of Philip of Macedon. Greek culture was witnessing the 
irruption of an Asiatic fauna. To the Athenian of Aristotle’s time the elephant 
was a phenomenon as spectacular in its novelty as were the Zeppelins to the 
inhabitants of London in 1917. The Islamic conquests did not bring a new 
fauna 'within the experience of the civilized world, as did the colonization of 
America in the seventeenth century or the opening up of Australia at the 
end of the eighteenth, when a rapid development of maritime communications 
was imminent. 

That imperial expansion abetted by improved communications and com¬ 
mercial intercourse has been a decisive social agency promoting interest in 
the systematic study of animal life, when new faunistic resources have been 
disclosed thereby, is amply supported by more substantial evidence for what 
may seem to be a somewhat arbitrary division of the history of zoological 
enquiries. The materials which Aristotie derived from the Macedonian con¬ 
quests have been debated too fully to merit further mention {vide Singer’s 
Greek Biology and Greek Medicine). The active encouragement of biological 
survey by the Admiralty during, the Australian voyages in which Cook was 
accompanied by tlie botanist Sk Joseph Banks, is well known? as is also the 
influence of colonial administrators like Sir Stamford Raffles, who was 
largely instrumental in starting the London Zoological Gardens after liis 
return from office in Java and Malay. How British Imperialism fostered 
zoological expeditions in the early nineteenth century, and how the pro¬ 
vision of medical attendance for the care of passengers when steam naviga- 
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tion developed conspired to encourage the scientific study of new faunas is 
told in biographies of the great traveller naturalists. 

The formative influence of colonial policy in the preceding period is less 
fully realized. The social policy which accompanied the colonization of the 
New World brought into one and the same social context the systematic study 
of animals and plants. This common social context furnishes a sufficfont reason 
for the classification of animals according to the model which had originated 
in the practice of the herbalists. A glance at the contents of the proceedings of 
the older scientific academies is sufficient to draw attention to the character¬ 
istic feature of natural history in what has been distinguished as the second 
period in the history of zoology. Thus the Philosophical Transactions of the 
English Royal Society of 1702 contains inter alia “an account of Mr. Sara 
Brown Itis Sixtli Book of East India plants ... by James Petives apothecary 
... To these are added some animals which the Reverend Father George 
Joseph Camel very lately sent him from the PhiUipine Islands.” In the same 
year we jSnd Mr. Strachan’s “observations in the island of Ceilon ., . on 
the ways of catching fowl and deer, of serpents, of .the antbear and of 
cinammon.” 

These miscellanies were not mere products of idle curiosity. Though 
mineral prospects largely dorninated foe aspirations of the Spanish and 
Portuguese conquerors of the New World, biological products soon became 
important materials of commerce, the search for which was prominent in the 
colonial policy of their Dutch .and English rivals for maritime supremacy. 
Contemporaneously with the iDeginnings of colonization the search for 
biological products was not confined to the New World. The development 
of the whaling industry and the emergence of the fur trade belong to the 
Tudor period. The latter was the special objective of foe Mmscoziv 
and Hakluyt’s records give catalogues of plants, animals and minerals, drawn 
up by ship’s captains in the Elizabethan voyages. In 1686 John White, one 
of the.earliek settlers m Virginia, for some time its governor, and lieu¬ 
tenant to Raleigh on several voyages, made drawings, among which is one 
of the king crab, Linmlus, an American missing link Ijetween the scorpions 
and the extinct aquatic Eurypterida. It was engraved for de Brys’ 
“America,” and is now in the British Museum. The text accompanying foe 
drawing is a translation of Thomas Harriot’s A Brief and True Report of the 
New Pound Land of Virginia. * 

A century after the Muscovy company was chartered the Hudson Bay 
enterprise was started with a similar end jnview. The introduction of a^- 
cultural products, like the potato, or of medicinal and domestic amenities, 
like tobacco and Peruvian bark, ^o prompted more ambitious aspirations. 
About the same time as Evelyn’s proposals for importing new ornamental 
and useful trees from the British colonies the adventurous hopefulness of 
early capitalism is illustrated by a suggestion, from which nothhg came. It 
is worth quoting because very similar sentiments recur in the statement of 
the founders of the Zoological Society at the beginning of the nineteenth 
century. Robert Childe, principal contributor to Hardib’s Legacky an agri¬ 
cultural work published in 1666, advocated the introduction of black foxes, 
muske cats, sables, martines, and adds to his list “the elephant, the greatest, 
2G ' ■ 




930 Science Jor the Citizen 

wisest, and longest lived of all beast,. .. vity serviceable for carriage 
(If) men usually riding on his backe together).” 

The third volume of New York (Mmkl Domnwnts contains a reference 
to a commission which was specifically requested to draw up a report on the 
plants of America in 1064. The geranium of our greenhouses and public 
gardens is derived from the Cape Pekrgonium. It bears witness to the close 
relation between tlie Dutch Hast India Company and the flourishing horti¬ 
cultural industry which already existed in Holland during the seventeenth 
century. I'he Hortm Makharicus, a monumental work among the herbals of 
the seventeenth century, was prepared under the aegis of the Dutch governor 
of Malabar with a skilful statf of Brahmins to assist in the preparation of the 
figures, The threefold miscellanies of foreii'ii plants, animals, and niinefah, 
in the scientific periodicals of the time ate, in fact, the record of an active 
policy of prospecting the material resources of the coloniring powers. During 
the period between KiOO and 175(1 knowledge of animal life and natural 
minerals was expanding rapidly, while the new practice of botanical classi¬ 
fication was taking shape. 

When Linnaeus published the first edition of the Systma Natume in 
17!!.'), bringing together all the fruits of the newly accnmtikted knowledge in 
his tripartite division of nature into the three “Kingdoms,” the meihtid 
of arrangement which had emerged from the more advanced systematic 
study of plants was inevitably adopted us a basis for the dassifiation of 
animals. 'I'he Linnacan treatise like the Be Fabrics of Vcsalius is less the 
beginning of a new phase than the completion of what had gone before. A 
new era of colonization was ushered in with the irruption of tk Au.stnda8ian 
faunas into the science of the old world, Several drcomstances now com¬ 
bined to stimulate an iraprecedcnted zoological progress in fhe first half of 
die nineteenth century. Two call fox separate comment, 

The first is tliat Australia yielded types of animal life which differed from 
previously known ones in a far more striking way than the faunas of Amcria 
differ from those of Europe and Africa. The duckbilled platypus (Fig. 411) is 
a spectacular illustration of this, and its discovery was of itself sufficient to 
act as a focus to the evolutionary speculation of the period. 

The second is that progress in die principles of chemistry and electridty 
had greatly advanced the study of physiology in the eighteenth century. 
Since the most distinctive features of plant organization omcera their 
reproductive organs, furdier progress in plant classification after the work of 
Ray and his contemporaries received its chief impetus from improyement 
of the microscope, which made it po.ssible to compare the reproductive 
processes of the flowerless plants. Among animals the dit»cttt of the 
reproductive system is far less distinctive of recognizable types of orpii- 
zation. The relations of the muscles to the hard parts co-opettdng with 
them in locomotion, the alimentary canal and its assodated digestive glands, 
the arrangements to ensure oxygen supply to the moviag parts by the dreuk- 
tiofl of fluids, the nervous system, aE display innumerable ccmimoB fetuws 
characteristic of large groups, ITie recognition of Unity of Type in tniraals 
as a whole was not possible till the work of the organs of the body wia auffi- 
dendy undrotood to provide a basis for comparison. 
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As in all other departments of biological knowledge the invention of new 
instruments which emerged from a different socid context played an im¬ 
portant part in the birth of zoological classification. During the period of 
colonizing the New World, the early microscopes hud broadened the world 
outlook of science no less than the tdescopes of Galileo and Kepler. A quota¬ 
tion from Stelluti (IdlKl), one of the earliest of the microscopists, cited by 
Singer vividly emphasizes its influence: 

I have used die microscope to examine bees and all their parts. 1 have also 
figured separately all members thus discovered by me to my no less joy tlian 
marvel, since dicy ok unknown to Aristotle and to every other naturalist. 

The broad outlines of a cksification of living creatures based on Ae 
recognition of unity of type was completed during the three dccada which 
intervenod between the rntroduction of modem microscopes tnd the 
publitation of D8rwm*s Oriim, In the light of the information derived from 
raicroiCQpic imdies the twofold divMoa of organisms into laimils and 
pknts is now tt^teamted by a third division, the Proiukt in which, as 
aplilned in Chap® XIX, til aon-celluk organisms' (it&soria, datoms, 
bactcim, etc,) are placed. There k no sharp Ime of demarcation betwe® 
Protisis wWch hvt in doito and the simplat iyp» of “animtis” like 
sponp or wdi as tigi® aid togi. Most of the major groups or 
of anlni, and some of tbdr subdivisions, toptiiof tdth a few of the 
datingulshing iffiaracteristics wUdh unite the fffihmls pkc«d ia tai iw 
giv® below. 

Pk>lm L ?ffri/#ra.“Thl8 includes fee spm&i otganisras of which the 
bodies are raiinly a pktinous aeewtion penetrated by a labyrinth of canals, 
the duals m lined by cells with vlbratile filaments (“effia”) which maintain 
a OOQsraot stedm of food ptrtidcs, Masses of sperms and egg cells are found 
embedded In fee gelatinoui body walls along with spicules or toy libra. 
Tte are no dipstivc organs, no blood vessels, nerva, or wwe organs, 

Pt^km 11 in which the hollow body coailsts of 

two main ceUuliir liy« separated by a lelatiaous middle region, A single 
orifice, the mouthi leads teto the arntrsl cavity, which is usually surrounded 
by tentacles, and acts aa the digestive organ of the body. Digested foodstuffs 
diffuse through the body substance without the aid of blood vessels to cany 
them. There may be muscle fibres, more or less distinct feom the lioiflg cells 
of the celltdar natta, (mnnected wife simple a®8e organs on fe@ oufer ^ace 
by a network of nerve fibres. In addition to semi reproduction, budding 
is common. Many species form sedentary colonies from wWch fi® swtoming 
seatually equipped iadividutis are llbmted. Corals, sea-anemones, jclly-fiah, 
and polyps (Pig, 43fi) are members of this phylum. 

Phylm Ul Plc^hihmAiSr^Pk^ worm-hk creatures whidi are, 
wife tm tSKceptiona, hescnmphiodits. The gut, if presmt, has a moufe but no 
«m». The nervous sysftHn ctots, as in tiJ the remaining phyla, of a peri- 
ph^ portbcMoervfi tnmk^Hmd a central mass where nerve cells are corr- 
centrated. Th«e are no blood vessris, The muscular system is weU developed. 
There is a system ^caiBiateiu^ wife ciliated cells btitod to be excretory 
organs. The toprfoiticlaiseiaret TurbeUaria Okee-llvfeg flat wotnns found 
imdar stones in pSeteM in toti pools)! Trematoda (parasitic worms caUed 
fffiukes,” hudoding fenhvtr ffiie wMch causes sheep^t and fee worm which 
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produces the human disease called bilharziasis in tropical countries) j Cestoda 
(tape-wormS“-parasites devoid of a gut). Sometimes associated witli the Tur- 
bellaria is the class of free-living unsegmented marine worms called Nemer- 
tinea. Unlike the above but like all the remaining phyla they have an anus, and 
are sometimes placed in a separate phylum. 

Phylum IV. Nemathelminthes.—Smooth) elongated worms with a tapering 
body. They have a mouth and anuSj no blood vesselsj nor sense organs of vision 
and balancing. They are mostly parasitic and include the pin-worm, which 
often infects the digestive tract of children, in addition to more dangerous 
parasites of stocks and crops and to the human parasite Filaria, which produces 
elephantiasis in tropical countries. Species of Tylenchus, Heterodera, and other 





genera form galls on wheat, beet, etc. Nearly all the species put in this phylum 
are placed in a single homogeneous class, the NematodU) called thread-worms. 

Phylum V, Rotifera {Trochehninthes or jRommria).-—These are complex 
organisms of exceedingly minute dimensions living in fresh water. They have 
a well-developed alimentary canal and nervous system and a simple type of 
excretory system. Their distinguishing characteristic is a disc fringed vritii 
vibratile cilia in front of the mouth, giving the appearance of a rotating wheel, 
whence their name “wheel animalcules.” The males, like drone bees, are pro¬ 
duced by parthenogenesis or virgin birth, i.e. from eggs which are not fertilized. 

Phylum y/. MinoienKflra.~Radially symmetrical marine animals in which 
the skin contains calcareous plates which are often joined together to form a 
rigid covering to the whole body . Along typically five grooves of the surface are 
double rows of pores through which fine muscular suckers, the “tube feet,” 
are everted. There are five classes with modem representatives : Asteroidea 



Echinoidea (sea-urchins), Ophiuroidea (brittle stars), Crinoidea 
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(sea lilies), and Holothuroidea (sea cucumbers). There are many fossil repre¬ 
sentatives of all the classes, and also several classes which are now_ totdly 
extinct. The egg is fertilized in the open sea, starts life as a free-swimmmg 
larva, which is covered with cilia-bearing cells and passes through a comph- 
cated metamorphosis into the adult form. . r j 

Phylum VIL Molluscoidea.~ln this group are included a number of seden- 



FiG. 437 .—Marine Bristle Worm or Polychabte 
fte dorsal body w^ has betn out 

leen sepMted, are seen farther forward* 

o:ymosflyn.aiBecrBaniamawithyeiydoobtWafWtioa.te^ 

the circlet or groove of tentacles in die mouth regions. The two prmcipa 

•lasses, each with fossil representatives, are 

id the Polyzoa (sea mats) which superficially resemble hydroids. They are 

ledentary, often hermaphrodite, and form colomes . . . 

Phvlum VIII Annelida.-Thm m worms m which the body is seg 
nS and typicaUy providtd with brWea by which locomotion 8 earned out, 







'i'ltei'e ifi a \vcll-dt:vc!»JiH:ii iiyiiiiiTi ni' (r.ntfiU-tilc Itlood vcssflii, autl a ventral 
chain of nerve iianijlin. TJic ihree main classes are: Oligocliaeui (mostly earth 
wonns), Ilirudinea (leecslu.:!)):, tniti I'nlydiaeta (marine liiistle worms (Fig. 4157) 
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At fu'stlsiglit representatives of the ilil&reiit claiires of Molluscs seem to have little 
in common. Gertaiti eliaracterji are, Iiowever,, jihuved by several chisses of Molluscs, 
though not in every auie by all, mid so the liliyium is loo.sely knit tcigcther, Wc can use 
these widely distributed leawres to synthesize an ideal Mollusc (A), from which the 
existing classes might plausibly have evolved. It is liilutcrally .symmetrical, and crawls 
on a llai muscular foot like that of a snail, A llap called the nuriik runs all round the 
body Hke foe caves of a house. Posteriorly, the hollow tietwcen the mantle and the 
foot is large, forming a niumk covJty conitiiuing a pair or mote of gills. I'he edge of the 
mantle secretes # shell which tiierefore grows as the iimntk grows, Inside the mouih 
is » fllc-lte radwfa for rmping o!f food. Gonad and kidney arc connected with the 
petiewdiam and open together into the mantle cavity, The central nervous system 
coiwiitts of ft number of puglia, most of them surrounding foe oesopliagus, but some 
perhaps lying out in foe muscles of the foot and among foe viscera. The Gcatropeii 
g), sttifoi n the whelk and foe snail, kve gone through a complex procas of totsfoa. 

itttofos cavity has become twisted round to foe fmnt of the wtimal, and in foe mail 
has become contertd Into a Itmg, foe gills disippearfoi. 
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SiSSlfo ft SSSell or^^^^^^ 

SSSSStle mvliies through which they extend as complex ciliated sheets. 
SS eS^Le diS D shows a transverse secdon with foe intenml 
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Fig. 430,— Anatomy of the Crayfish 


(a) Part of a walldng leg with windows cut in the joints to show the muscles. Note the 
directions (indicated by an:owS)_in which cachioint is able to move, (fc) The gill chamber 
opened from the side, (c) Walking leg with gill attached , (d) Right half of a crayfish. In 
me heart, three of the openings which connect the heart with blood spaces can be 
seen, (e) Longitudinal secdon toough the compound eye. 
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like the lug-worm used for bait and the “sea mouse”)- Annelids are often 
hermaphrodite. 

Phylum IX. MoZ/wsca.—Unsegmented animals with a well-developed heart 
wliich pumps the blood from leaf-like gills to the tissues. There are few charac¬ 
teristics common to the whole phylum, but each class shows unmistakable 
likeness to the small central group which includes the Chitons. The other three 
principal classes arc Lamellibranchiata (Pelecypoda) or oysters, mussels, etc., 
Gastropoda (snails, slugs, whellts, and many others), and Cephalopoda (nautilus, 
octopus, cuttle-fish). The Gastropods are often hermaphrodite. 

Phylum X, Arthropoda.—This contains more species than any other phylum. 
Its members have segmented bodies, lilte the Annelida, from which they differ 
in having jointed legs, the muscles of which are enclosed in a hard external 



Fig, 440.—Two Water Fleas, Members of the Class Crustacea, 
Both Magnified About 30 Times 


skeleton (Fig. 439), a heart which fills itself by contractile pores or ostia from 
a main blood cavity into which tlie finer vessels discharge, and limbs wholly 
(mandibles and maxillae) or partly modified as jaws, The oldest group, the 
Trilobita, is completely extinct, and combines some characteristics of the other 
classes, of which the principal ones are: Crustacea (wood lice, crabs, shrimps, 
lobsters, water fleas (Fig. 440) and bamades), Myrkppda (millipedes and 
centipedes), Insecta or Hexapoda, the true insects, and Arachnida (spiders, 
scorpions, ticks, harvestmen, and king crabs). _ 

Phylum XL .Chordata,—Asidtftom a few groups of simpler orgamsms tee 
the sea squirts or Tunicaia> which start their lives as creatures something like 
tadpoles and generally settle down to form colonies of hermaphrodite adults 
capable of budding off new indivifiuals, the overwhelming majority of this 
assemblage are placed in the sub-phylum Vertebrata. All vertebrates have a 
highly characteristic central nervous system wliich lies dorsal to the gut (spinal 
cord), and expands at the fore end into a brain with a cteracteristic group of 
nerves from the great sense organs (eye, internal ear, and nasal organ) of the 
■ - G2* ■' 
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headj and others supplying the eye musclesj heart, etc. At some stage of life 
tlie heart pumps blood forward round a scries of vessels surrounding the 
throat perforated by clefts. These bear gill filaments which are the respiratory 
organs in the aquatic classes (Fig. 442). Such clefts are present in the 
embryos of the terresttial classes, but do not bear gill filaments (Fig. 443). 
Throughout the sub-phylum there is a characteristic group of organs, the 



Above, two views of the whole animal, about 1^ times natural size. The front wings 
are thickened and protect the thin hind wings which lie folded beneatli them. Below, 
left, the mouth parts. Only one mandible and one maxilla of each pair is shown. The 
labium is a pair of appendages which have fused in the middle line. 

"ductless glands,” which include the thyroids, adrenals, etc. The same type of 
digestive juices are secreted into the alimentary canal by characteristic organs 
called the liver and pancreas throughout the group, and tlie system for excretion 
of nitrogenous waste by two "kidneys” has an essentially similar structure in 
all members. There are six classes of vertebrata, viz.: 

(a) Cydostomata (hag-fishes and lampreys), which resemble fishes in 
their respiratory and circulatory arrangements but, unlike fishes, lack jaws, 
paired limbs, nr well-defined vertebrae. The spinal column is represented 
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by a gelatinous rod "notochord,” wliich is present in the embryo of higher 
vertebrates, but generally disappears in later life. 

{b) Pisces (fishes). Like Cyclostomes they breathe by gills, and have a 



mkiiM 



heart with only one auricle (except in the lung fishes), receiving the blood 
from the tissues. They chiefly differ in possessing paired fins. 

(c) Amphibia (newts, salamanders, frogs, toads), Generdly these start 
life as tadpoles with circulatory and respiratory organs like fishes. They 
sometimes retain the latter throughout life. They always have lungs (as 
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do some fishes) which usually replace gills in the adult, and, like the three 
remaming classes of typical land vertebrates, have five-fingered limbs. 
The heart has separate auricles receiving blood respectively (left) from 
the lungs and (right) from the rest of the body, but the ventricle which 
pumps blood out of the heart is not divided as in the remaining groups. 

(d) Reptilia (crocodiles, lizards, snaltes, tortoises). These are cold¬ 
blooded land vertebrates with no aquatic larva, the fertilized egg being 
enclosed in a shell. The body is covered with scales. The heart connects 
with the Tnain artery of the tiunk by two arches, one of which only (left in 
mammals, right in birds) persists in the next two groups. 

(e) Aves (birds). These are warm-blooded forms with feathers and fore- 


3jorh 



Fig, 442.—Blood System oe a Fish 


The front end only of the fish is shown. The veins Me m black md ^e ^enes, wWc^ 
carry deoxygenated blood from the heart to the gills, are hghtly shaded. The portal 

vein, which carries blood horn the gut to the liver, is also shown. 

limbs modified for flight (Fig. 444). In most other respects their anatomical 

organization is typically reptilian. 

(/) Mammalia. Warm-blooded land vertebrates m which the body is 
covered with liair. The young are suckled and, except in the case of two 
primidve egg-laying genera (duck-bill (Fig. 445) and spiny anteater), are 
born alive. 

Plants arc commonly divided into four great phyla, as follows; 

I. Spemaphyta.-T:hQ&t are the seed-bearing plants, in which fertilization 
is brought about by scattering pollen. They are generally divided mto two 
sub-phyla: 

(fl) Gyrmospem, in which the seed is exposed on the surface of the 
separate leaflets of the female cone . This group includes the conifers (pine, 
juniper, yewj etc.), maidenhair tree (Ginkgo), and the Cycad palms. 

(h) Angiospems, in'Kbick the seeds are enclosed in ovaries which with 
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the pollen-bearing organs are typically associated together in the structure 
called the flomr. The flowering plants are subdivided into two main 
classes (p. 926). The types included can be inferred from the names of 
some of the typical orders, viz. Monocotyledons (Liliaceae, Gramineae, 
Iridaceae, Orchidaceae, etc.), Dicotyledons (Rosaceae, Primulaceae, Com- 
positae, etc.). 

II. Pteridophyta.—Thm exhibit a regular alternation between a separate 
spore-bearing form, which has much the same vegetative structure (root, stem, 
and leaves) as the flowering plant, and a simpler more ephemeral sexual struc¬ 
ture which produces typical spermatozoa and egg cells like those of animals 
(see p. 836). This phylum includes ferns, horsetails, and club-mosses. 



Fig. 443.-HUMAN Embryo, About 4 Weeks After Conception, 
Magnified 7 Times 


III jBryoMyia.-These plants exhibit the same type of reproduction with a 
regular alternation of sexual and spore-producing forms. The spore-produmg 
plS is a parasite on the sexual one, and develops neither root nor J“ves.The 
sexual pi which may have chstinct shoot, leaves, and simple ^ 
tures,lm8 no wood vessels, and its microscopic structure shows hde ditotia- 
tion of distinct tissues such as occur in the stem and Iwes of ferns, flowermg 
plants, and conifers. The phylum includes mosses and 
^ IV rk/fephyta.—This is a ratlier heterogeneous assemblage of forms, ffie 
iTKSh show various d=6r«. of mtetrelatiouship ta vegowve 
smicture aud reproductive methods, though the group as ‘ 
nXe except by the fact that none of the plants placed m it exhibit the 
tolSsS of thl other three phyla. Their vepativc structure is^rfy 
verv simple At best it is little more complex than that of Ae hvw worts._ Often 
th^bodYis merely a filament of cells joined end to end. TJe algae, which are 
“ nossLs chlorophyll (which maybe masked by other pigments), 

is represented by the fusion of two cells of adjoining filaments (Fig. 408) with 
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die producdon of a resting “spore.” Formation of asexual reproducdve cells or 
spores is also common. When there is a regular alternation the two generations 
do not differ in their vegetative characteristics as do the sexual and spore- 



FiG. 444.--VERTEBRATE WiNGS 


The extinct flying reptiles called Pterodactyls had awing membrane stretched'between 
the elongated fourth finger and the hind limb. In bats, the second to fifth fingers are 
long and the hhd limb again helps to keep the membrane taut. Birds have feathers, 
which stand out stiffly on their own account, and the awkward tying up of 'the hind 
limbs with the organs of flight is thus avoided. 

bearing fo rms of ferns and mosses. Other thallophyta which live as parasites 
on plants or animals, or feed on dead organic matter (e.g, moulds on jam, dry 
bread or cheese, mushrooms on manure) have no chlorophyll and are cfflled 


The Ascent oj Man 943 

fungi. Fungi reproduce principally by resistant spores suitable for smvival in 
air, The lichenes are associations of a fungus with a simple green Protist, wliich 
supplies it with organic material by its power to use sunlight like the complex 
green organisms. 

The progress of classification, based on umty of type, during the three 
decades which preceded the revival of evolutionary speculation in the mid- 
nineteenth century, impressed on the naturalists of the period three con¬ 
clusions, which have now lost their novelty. The first is that the general 
plan of organization characteristic of the larger classes of animals or plants . 
is appropriate to the mode of life characteristic of majority of species 
included in them. The second is that each class united by a co^on 
architecture also includes many species whose mode of life is very different 
from that of the majority. The third is that, while the overwhelming maj^ty 
of animals included in a class generally share a largenumber of features which 
distinguish them sharply from species included in other classes, there are also 
species which bridge the gap between such classes by combining characteristic 
features of more than one dass. i. 

The first is well illustrated in the two great phyla of animals which show 
the greatest development of sensory discrimination and motor co-ordmation. 
Among arthropods the Crustacea are nearly all aquatic, while insects are 
nearly all terrestrial, Associated with this is the fact that Crustacea breathe 
by gills-tufted filaments at the base of the limbs through which the oxygen 
dissolved in the water diffuses-or by absorption of dissolved o^gen over 
the whole surface of the body. Insects breathe by tracheae (Rg. 

Among vertebrates fishes are aH aquatic and breathe by gills; reptiles, birds, 
and mammals breathe by lungs and are nearly aU terrestrial. Among plants, 
the Pteridophyta are usuaUy found in moist places, growing beside steeams 
or swamps. They have motile spermatozoa, which can only reach the egg 
ceU by water. The Spermaphyta, on the other hand, generaUy hve on dry 
land, and their pollen is carried by insects or wind to the ovule, 

The second conclusion stated above emphasizes the existence of strikmg 
exceptions to the first. Thus a few Crustacea like wood Hce and the coconut 
crab live wholly on land, and a small proportion of ins^ like die dragon¬ 
fly spend a large part of existence wholly in water. A few repdes like the 
turtles, a few birds like the moorhen, and, among mammals, the seals and 
whales, lead a wholly aquatic existence though they conte to brea^e am 
Some of the most striking anatomical differences which distinguish was 
from mammals (c.g. presence of feathers and, absen^ of fingers) are^closdy 
related to the habit of flight. On the other hand, a few birds-hke the hwi 
of New Zealand-are completely unable to-fly, while a few Minmals, the 
bats, are completely aerial. Among flowering plants some species, e.g. duck¬ 
weed, are more completely aquatic than ferns, thou^ they can produce pollen 
and thus have reproductive arrangements appropriate to terrestrial ^stence. 

Thus the main features of the overwhelming majority nf species m a dass 
based on common anatomical architecture are appropriate to tte mode ot 
life typical of a kge proportion of them, and a minority e Jbit the same 
fene^ plan with minor modifications appropriate to a different sort of 
existence. The picture as a whole presMits a series of distinct types of organiza- 
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tioii each wlated to a definite liahit, and repeatedly modified to meet the 
demands of i new environment. While each type of organization is distinct 
in the sense that the overwhelming majority of forma in a class generally 
share a very large number of coinraon or interconnected characteristics, most 
groups contain a few species which, while predominantly like the other 
members, share outstanding characteristics of otiier groups. 

This third Eile is well illustrated at every level of classification. 'fhu.s the 
majority of vertebrate.s are either aquatic like fishes, which breathe by gills 
and swim with 1ms, or arc terrestrial like reptiles, mammals, and bifd.s, 
which breathe by lungs and walk on legs with toes. The /biiphihia (frogs, 
newts, etc.), on the other hand, are semi-aquatic, luiving limbs typical of tire 
land form and breathing for die first part of life with gills. Here we have 
a small group of land vertebrates with gills. Liliewise a few species of typical 
fishes, like the limjt fishes and bow-fm, witli i.vpical fins and mher fish struc¬ 
tures have lungs, as well as gills, Or aiuiiii, while niaimmik as a whole are 



Pig. -ttiWini DuoK-Biuam I’wtvhjs, h riti.Mi'Uvi! Mammal 

viviparous in contradistinction to reptik-s and birds which lay eggs, the 
duck-billed platypus (Fig. Tfo), in moat respects a typical mammal, lays eggs 
with s hard shell like the eggs of a lizard or a thrush, and has shoulder bones 
like those of tt typical reptile. 

Though the actual iminkr of tiie.se living “missing links” is very small 
in comparison with the many species which fall into sharply defined cate¬ 
gories, most groups have a sm.all minority of forms which blur^ibc krd 
outlines of a dassificatory system. In Chapter XVII we have distinguished 
twc 5 very distina types of reproduction characteristic of ferns on the one 
hand, and of flowering plants on the other. While the ferns fonn the majority 
of Fteridophytes and'the Angiosperms the majority of seed-bearing plants, 
there is, brides, a series of species which bridge the wide gap between these 
two extreme and well-defined tyjies of reproductive organization. So far 
we have spoken of the polkn grain as if it were a single cell compimbk to the 
ape rm of a fern or an animal IXTile it is at first a single cell, the nucleus 
divides several times before theimllen tube reaches the ovule and only one of 
these nuclei fuses with the egg celt nucleus of the ovule. In a few sml-beamtg 
plants the cell substance round two of the nuclei in the fully formed poUca 
tube is separated off, forming distinct sperms, llie sperms of die cyad pilms 
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and of the maidenhair tree (see p. !)10), which arc seed-hearing plants, have 
cilia and are motile. Thus the pollen grain is not strictly comparable to the 
.single sperm of a fern. 

To sec more dearly what it docs correspond to, it is necessary to look for 
other “missing links” in the allies of the fern itself The latter has a regular 
alternation of small ephemeral sexual plants (proikilli), producing both 
spermatozoa and egg cells, with spore-producing individuals. Horsetails 
{Eguiseium) produce spores like those of ferns, except that; they arc of two 
kinds, smaller ones which produce male prothalli and larger onc.s which 
produce female prothalli. In the genus of “dub mosses,” called Selapjfwlki 
thi,s seixiratioii is accompanied by a great reduction of the importance of the 
sexual generation. The small spores do not germinate to form an independent 
phmt. T‘he sperms are produced inside Che spore coat, and are sec free when 
it ruptures. I’he only essential dilference between the small spores of the dub 
moss and pollen of a maidenhair tree is that sperms of the former make their 
way to the egg cdl by swimming, No tube is formed to help tliera to reach it. 
'fhus the pollen grain combines in itself a male-plant-produdng spore, an 
extremely degenerate male plant, and the sperm itself It is totli types 
of fern reproduction telescoped into one process. 

Seed production is also two types of reproduction condensed in a single 
act, I'he large spores of the club moss form very degenerate female prothalli 
when they germinate, The female prothallus is a mass of cells, with a few rtmt 
hairs, partly enclosed in the spore coat. Each has only two or three ovaries 
like I hat of a fern, each with a single egg cdl. The ovule which develops into 
the seed of a flowering plant is a mass of cells surrounded by a capsule, the 
seed coat. In the centre is a large cell, the mkyo sac. The nucleus of this 
divides several times, and one nucleus unites with one of the nuclei in the 
|X)llen tube, After that the combined nucleus divides to form the nuclei 
of the cells, which constitute the embryo. The whole structure—the outer 
tissues of the ovule, the embryo, and the remains of the embryo sac—repre¬ 
sent three generations telescoped into one. 'fhe seed coat corresponds to the 
s{K)re-producing orj'ans on the leaves of a fern. The embryo sac corresponds 
to a spore, when it is still a sinide cell. Aftenvards, when the nucleus has 
divided, it coixesponds to the very degenerate female prothallus of the dub 
moss. I'he embryo is the beginning of the next sporc-producing generation. 

I'hus, although the flrst impression gained from classifying animals or 
plants is fhe cmidusion tliat they fall into dear-cut groups with clmractcrisfia 
suitable to the circumstances of their lives;, closer study reveals the existence 
of imermediate, more generalized types, which bridge the gap between 
dtlFcrent groups, ami innumerable features of organization also suggest useless 
survivals of a former csisience. Hiis suggestion becomes more imperative 
when we compare living species with extinct ones. It then appears that 
specie wbkh seem to show the ve.iiges of another type of organization came 
into being later than species in wiiich tiie same type predominates. 

THE PiJNcmiE m QmiMnui socchssion 

Among the Ionian school of materialists, whose brilliant but short-lived 
mdition has been referred to many times in this book, Xenophanes made 
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observations on the remains of shells and fishes found in rocks far from the 
sea, and correctly interpreted them as remains of extinct creatures. In the 
same materialistic tradition Herodotus even went so far as to make an esti¬ 
mate—about ten thousand years—of the time it would take to fill the Red 
Sea with silt if the Nile opened into it. He correctly interpreted the formation 
of the delta as tlie result of solid matter washed down by the flow of the 
sacred river. 

When the materialistic tradition was revived by the English physicists of me 
seventeenth century, coal mining had become a subject of scientific enquiry. 
Robert HookCj perhaps the most fertile scientist in the annals of English 
culture, advanced the common-sense view of fossil remains and the changing 
configuration of land and water. Hooke’s speculations exerted_ little tot 
influence. Close study of the earth’s history and of the succession of living 
creatures which have peopled it made little headway, till new social influences 
conspired to encourage the exploration of the earth’s crust in the closing 
years of the eighteenth and opening years of the nineteenth century of our 

own era. j i. m.m a 

In tire intervening time Christian cosmogony elaborated by Mton and 

Ussher reigned supreme. The world according to the painstaking arith¬ 
metic of Ussher, one of Hooke’s contemporaries, was six thousand ye^s 
old. Ussher, as Bury remarks, had proved beyond dispute that the Trimty 
created man on October 4th, 4004 b.c., at nine o’clock in the morning (winter 
time). The limits of land and water were finally settled on that date by divine 
decree, the marine fossils, inconveniently collected at great distances from 
the coast, were either deposited by Noah’s flood, inserted, where found, to 
test the faith of believers, or left there by itinerant merchants and armies 
with a partiality for fish diet. 

Contemporary with Hooke, Steno, a Dane (once professor at laduaj, 
had, in 1669, issued a tract on Organic Petrifmtiom within solid rocks. 
Steno recognized fossils as remains of long extinct animals, and argued in 
favour of an originally horizontal disposition of the sedimentary rocks. The 
ideological temper of the times was not favourable to the birth of a new 
science. Lyell remarks; 

The theologians who now entered the field in Italy, Germany, France, and 
England were innumerable: and henceforward^tliey who refused to subscribe 
to the position, that all marine organic remains were proofs of the Mosaic 
deluge, vrere exposed to the imputation of disbelieving tlie whole of the sacred 
writings. Scarcely any step had been made in approidmating to sound theories 
since , the time of Fracastorio, more than a hundred years having been lost, m 
writing down the dogma that organized fossils were mere sports of nature. 
An additional period of a century and a half was now destined to be consumed 
in exploding the hypothesis, that organized fossils had all been buried m tlie 
solid sttata by Noali’s flood. Never did a theoretical fallacy, in any branch 
of science, iiiterfere more seriously With accurate observation and the sys¬ 
tematic classification of facts. 

Referring to the controversies which aecoihpanied the birth of geological 
research in Britain, Lyell adds : 
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The party feeling exerted against the Huttonian docttines and the open 
disregard of candour and temper in the controversy will hardly be credited by 
the reader, unless he recalls to his recollection that the mind of the English 
public was at that time in a state of feverish excitement. A class of writers 
in France had been labouring industiiously for many years to diminish tlie 
influence of the Clergy by sapping the foundations of the Christian faith and 
their success, and the consequences of the revolution had alarmed the most 
resolute minds, while tlie imagination of the more timid was continually 
haunted by dread of innovation as by the phantom of some fearful dream. . . . 
We cannot estimate the malevolence of such a persecution by the pain which 
similar insinuations might now inflict: for altliough charges of infidelity and 
atheism must always be odious they were injurious in the extreme at tliat 
moment of political excitement, and it was better, perhaps, for a man’s good 
reception in society, that his moral chaiucter should have been traduced, than 
that he should become a mark for these poisoned weapons. 

In this passage L 3 ^ell refers specifically to a treatise which might have 
exerted less influence, if the times had been less propitious. Hutton, whose 
Theory of the Earth {nS8)m& the first considerable excursion into the forma¬ 
tion of the earth’s crust, was one of the same group as Joseph Black, Francis 
Home, and Crawford in Edinburgh (pp. 415 and 696). He belongs to the 
period when coal mining was asserting itself as a powerful industry in Scot¬ 
land. LyeU remarks that: 

this treatise was the first in which geology was declared to be in no way con¬ 
cerned with questions as to the origin of things, the first in which an attempt 
was made to dispense entirely with all hypothetical causes and to explain the 
former changes of the earth’s crust by reference exclusively to natural agents. 

The main argument is summarized in the following quotation from the first 
chapter. 

The heights of our land are thus levelled with the shores, our fertile plains 
are formed from the ruins of the mountains and those traveUing materials are 
still pursued by the moving water and propelled along the inclined surface of 
the earth. These movable materials delivered into the sea cannot for a long 
continuance rest upon the shore for by the agitation of the winds, the tides, and 
the currents, every movable thing is carried farther and farther along the 
shelvy bottom of the sea. . . . But is this world to be considered thus merely 
as a machine to last no longer than its parts retain their present position, their 
proper forms, and qualities? Or may it not be also considered an organized body 
such as has constitution in which the necess^ decay of the machine is naturally 
repaired in the exertion of those productive powers by which it had been formed ? 

. We find marks of marine animals in the most solid parts of the earth, 
consequently those solid parts have been formed after tlie ocean was inhabited 
by those animals which are proper to that fluid medium. If therefore we toew 
the natural histoiy of those solid parts and could trace the operations of tlie 
globe by which they had been formed we would liave some means for com¬ 
puting the time through which those species of animals have continued to hve 
But how shall we describe a process wWch nobody has seen performed? This is 
only to be investigated first, in examining tlie nature of those solid bodies, the 
history of wliich we want to know, and secondly, in exammmg the natural 
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operations of the globe in order to see if there now actually exist such operations 
as from the nature of solid bodies appear to have been necessary to their 
formation. 

Hutton was chiefly interested in the fossil-bearing layers of the earth’s 
crust, now called collectively the sedimentary rocks, and bis views recall the 
brilliant observations of Herodotus two thousand years earlier. The major 
factors to which he directed attention are (a) denudation^ i.e. the continual 
wearing away of land surface by wind, rain, ice, and snow; (i) deposition of 
the loosened matter (sand, mud, or gravel) carried by rivers and glaciers to 
the sea. Thus the sea is continuity being filled up by new rock masses. The 
displaced water is continually encroaching on the land. The sea floor is being 
raised to form new land and the land is being submerged to form a sea floor 
successively. 

Emphasis on another class of natural processes which modify the stru^e 
of the earth’s crust was laid in the teaching of a new school of mining 
technology, which grew up about the same time in Germany. Besides denuda¬ 
tion and deposition, the surface of the earth is changed by lava! deposits 
of volcanic origiu and by slow processes of folding or of upward or down¬ 
ward movement affecting the whole thickness of the outer crust. “The art 
of mining has long been taught in France, Germany and Hungary in 
scientific institutions established for that purpose, where mineralogy has 
always been a principal branch of instruction,” wrote LyeU in his Principles. 
Werner, who in 1776 was made professor of mining at Freyberg in Saxony, 

directed his attention to the natural position of the minerals in particiflar 
rocks together with the grouping of those rocks, their geographical position 
and various relations, and pointed out their application to the practical pur¬ 
poses of mining. They were instantly regarded by a large class of men as an 
essential part of their professional education and from that time the science 
was cultivated in Europe more ardently and systematically ... In a few years 
a Rmall school of mines, before unheard of in Europe, was raised to the rank of 
a great university. 

Two other social agencies contributed to awaken interest in the problems 
to which Hutton and Werner had directed attention in the latter half of the 
eighteenth century. One is referred to in the following extract from the 
History of the Geological Sodeiy: 

The Agricultural Surveys of the United Kingdom, of wliich reports were 
issued by the old Board of Agriculture, commencing in 1794, stimulated enquiry 
into the soils and subsoils of the British Isles. The report on Somerset, by John 
Billingsley (1797) contained much geological information, while The General 
View of the Agriculture and Minerals of DerbyshirCi by John Farey (2 vols. 
1811-13), is a geological classic. Farey (1766-1826) had been a disciple of 
William Smith, although a somewhat older man than his distinguished master. 
William Smith (1769-1839) had in the meanwhile been at work for some 
years, and in 1799 he had coloured geologically the old county survey of 
Somerset, and a circular map of the country around Bath (the latter preserved 
in the Library of the Geological Society). 


The Ascent of Man 949 

The name of William Smith, a practical surveyor, draws attention to 
wliat was perhaps the most important debt which modern geology owes 
to the everyday life of mankind. In Britain a focal centre of practical geology 
was north Staffordshire. Plot’s seventeenth-century treatise on the natural 
history of Staffordshire reminds us that the study of “The Earths” in the early 
days of coal mining and mineral prospecting in the colonies went hand in hand 
with practical chemistry which had not yet separated itself as a science or 
“pure” substances. The juxtaposition of boulder clay and coal in the 
Potteries and the search for better clays in south-west England made the 
study of outCToppings and seams an issue of technical importance to an 
industry which originally owed its prosperity to a unique geological site and 
occupied a position (see pp. 409 and 429) of pivotal importance in relation 
to all the major themes of scientific research in the latter half of the eighteenth 
century. 

Wedgwood, the Prince of Potters, who was an equally important figure m 
the scientific and industrial renaissance of the period, frequently went for 
field excursions in geology with his friend Bentley. As it happened, his indus¬ 
trial policy affected the subsequent history of geology more decisively than 
the search for clay and fiiel. In the early days of the Industrial Revolution 
one of the major commercial problems was transport, and this was specially 
felt in the Potteries, because their products were eminentiy breakable. The 
pottery owners, who were active in promoting the introduction of the railways, 
took a leading part in the Transport Revolution which preceded them, when 
the Trent and Mersey Canal was formed in response to a petition promoted by 
Wedgwood in 1763. 

The rapid development of the English canal system involved a new soaal 
for large-scale surveying, as did the growth of the railway system 
in the succeeding half century. It also drew attention to the way in which the 
natural watercourses are formed. William Smith, who did more than any 
single man to stimulate the systematic study of geology, developed a method 
for recognizing the order in which the various layers of the eartfi’s crust 
have been laid down and took the lead in studying the types of fossfl remains 
characteristic of different sedimentary rocks. Speaking of his contributions, 
LyeU says: 

While the tenets of the rival schools of Freyburg and Edinburgh were wamfly 

espoused by devoted partisans the labours of an individual unassisted by the 
advantages of wealth or station in society were almost unheeded. Mr. Smith, 
an English surveyor, published his tabuto view of the British strata in 1790, 
wherein he proposed a classification of the secondary formations in the west of 
England. Although he had not communicated With Werner, it appeared by 
this work that he had arrived at the same views respecting the laws of super¬ 
position of stratified rocks, that he was aware that the order of succession of 
different groups was never inverted and that they might be identified at very 

distant points by their peculiar organized fossils. 

It was not wholly an accident that large-scale surveying for canal con¬ 
struction produced the “Tabular View” on which the senation of the sedi¬ 
mentary rocks is based, nor that geological research was speciaUy developed 
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operations of die globe in order to see if there now actually exist such operations 
as from the nature of solid bodies appear to have been necessary to their 
formation. 

Hutton was chiefly interested in the fossil-bearing layers of the earth’s 
crust, now called collectively the sedimentary rocks, and his views recall the 
brilliant observations of Herodotus two thousand years earlier. The major 
factors to which he directed attention are (a) dmudationy i.e. the continual 
wearing away of land surface by wind, rain, ice, and snow; (h) deposition of 
the loosened matter (sand, mud, or gravel) carried by rivers and glaciers to 
the sea. Thus the sea is continu^y being ked up by new rock masses. The 
displaced water is continually encroaching on the land. The sea floor is being 
raised to form new land and the land is being submerged to form a sea floor 
successively. 

Emphasis on another class of natural processes which modify the stru^e 
of the earth’s crust was laid in the teaching of a new school of mining 
technology, which grew up about the same time in Germany. Besides denuda¬ 
tion and deposition, the surface of the earth is changed by laval deposits 
of volcanic origin and by slow processes of folding or of upward or down¬ 
ward movement affecting the whole thickness of the outer crust. “The art 
of mining has long been taught in France, Germany and Hungary in 
scientific institutions established for that purpose, where mineralogy has 
always been a principal branch of instruction,” wrote LyeU in his Principles. 

Wemer, who in 17713 was made professor of mining at Freyberg in Saxony, 

directed his attention to the natural position of the minerals in particular 
rocks together witli the grouping of those rocks, their geographical position 
and various relations, and pointed out their application to the practical pur¬ 
poses of mining. They were instantly regarded by a large class of men as an 
essential part of their professional education and from that time the science 
was cultivated in Europe more ardently and systematically ... In a few years 
a small school of mines, before unheard of in Europe, was raised to the rank of 
a great university. 

Two other social agencies contributed to awaken interest in the problems 
to which Hutton and Werner had directed attention in the latter half of the 
eighteenth century. One is referred to in the following extract from the 
History of tk Geologiccd Society’. 

The Agricultural Surveys of the United Kingdom, of which reports were 
issued by the old Board of Agricultore, commencing in 1794, stimulated enquiry 
into the soils and subsoils of the British Isles. The report on Somerset, by John 
Billingsley (1797) contained much geological information, while The General 
Vieit) of tk Agriculture and Minerals of Derbyshire, by John Farey (2 vols. I 
1811-13), is a geological classic. Farey (1766-1826) had been a disciple of 
William Smith, although a somewhat older man than his distinguished master. 

William Smith (1769-1839) had in the meanwMe been at work for some 
years, and in 1799 he had coloured geologically the old county survey of 
Somerset, and a circular map of the country around Bath (the latter preserved 
in the Library of the Geological Society). 
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The name of William Smith, a practical surveyor, draws attention to 
what was perhaps the most important debt which modern geology owes 
to the everyday life of mankind. In Britain a focal centre of practical geology 
was north Staffordshire. Plot’s seventeenth-century treatise on the natural 
history of Staffordshire reminds us that the study of “The Earths” in the early 
days of coal mining and mineral prospecting in tiie colonies went hand in hand 
with practical chemistry which had not yet separated itself as a science or 
“pure” substances. The juxtaposition of boulder day and coal in the 
Potteries and the search for better days in south-west England made the 
study of outcroppings and seams an issue of technical importance to an 
industry which originally owed its prosperity to a unique geological site and 
occupied a position (see pp. 409 and 429) of pivotal importance in relation 
to all the major themes of scientific research in the latter half of the eighteenth 
century. 

Wedgwood, the Prince of Potters, who was an equally important figure m 
the scientific and industrial renaissance of the period, frequently went for 
field excursions in geology with his friend Bentley. As it happened, his indus¬ 
trial policy affected the subsequent history of geology more decisively than 
the search for clay and fuel. In the early days of the Industrial Revolution 
one of the major commercial problems was transport, and this was specially 
felt in the Potteries, because their products were eminentiy breakable. The 
pottery owners, who were active in promoting the introduction of the railways, 
took a leading part in the Transport Revolution which preceded them, when 
the Trent and Mersey Canal was formed in response to a petition promoted by 
Wedgwood in 1763. 

The rapid development of the English canal system involved a new social 
demand for large-scale surveying, as did the growth of the railway system 
in the succeeding half century. It also drew attention to the way in which the 
natural watercourses are formed. William Smith, who did more than any 
single man to stimulate the systematic study of geology, developed a method 
for recognizing the order in which the various layers of the earth’s crust 
have been laid down and took the lead in studying the types of fossfl remains 
characteristic of different sedimentary rocks. Speaking of his contributions, 
LyeU says: 

Wliile the tenets of the rival schools of Freyburg and Edinburgh were warmly 
espoused by devoted partisans the labours of an individual unassisted by the 
advantages of wealth or station in society were almost unheeded. Mr. Smith, 
an English surveyor, published his tabular view of the British strata in 1790, 
wherein he proposed a classification of the secondary formations in the west of 
England. Although he had not communicated With Wemer, it appeared by 
this work that he had arrived at the same views respecting the laws of super¬ 
position of stratified rocks, that he was aware that the order of succession of 
different groups was never inverted and that they might be identified at very 
distant points by their peculiar organized fossils. 

It was not whoUy an accident that large-scale surveying for canal con¬ 
struction produced the “Tabular View” on which the seriation of the sedi¬ 
mentary rocks is based, nor that geological research was specially developed 
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Fig. 447a,—Surface, Structure, and Succession 


Although some information may he obtained from deep mining, or from borings, 
much of the work of the systematic geologist is an attempt to translate the mcrop 
of strata on the surface into terms of geological structure and succession. Both strata 
and surface are rarely flat and horizontal as in a, More commonly the strata slope at 
an angle to the horizontal called die dip. Then if the surface is flat and horizontal, 
the outcrops follow each other in bands, the newer roclts showing towards the direction 
of dip. ft) The regular sequence may be disturbed if the land surface is undulating 
(4 or if the strata are folded (d). In either of these simple cases a stratum may crop 
out on both sides of a fold. Where the aids of rock folding itself slopes (e), a zigzag 
outcrop is produced if the ground is level. Recumbent folds (/) produce an apparent 
reverse of die succession over a small area, and the true order is only discovered 
when outcrops further afield are taken into account, or when deep borings are made, 
FauUins in the same plane as the dip (g) may displace the outcrop, and faulting across 
the dip may repeat the outcrop (A) or eliminate part of it, according to whether the 
“downthrow” is up die dip or down. By grapliic reconstrucdon from outcrop, surface 
contours, dip measurements, and other data, the geologist is able to deduce with 
some certainty the underlying structure and succession, in spite of these, and many 
Other, complicating factors. Characteristic fossils are useful to him as labels attached 
to particular layers over a wide area. This does not, as is sometimes supposed, involve 
a circular argument. The succession of fossils is determined in a number of places 
where die succession of strata is unambiguous. These fossils can dien be used as an 
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be world-wide. Diagrams (like Fig. FI!)), showing the relative ages of the 
sedimentary or fossil-bearing layers of the earth’s crust, do not correspond to 
a vertical section at any single place, 'fhe names which they be:ir do not stand 
for a single type of rock rccogni:^ablc by its texture or composition as such. 
While vegetable refuse is forming a hard cake near the estuary of a river, fine 
silt may be raising the sea-levcl beyond. In Kngland the mountain limestone 
of the Pennines, the massive rocks once famous for making millstones and 
grindstones and hence called by the (juarrymen “Millstone Grit,” together 
with the coal seams, make up a threefold interlacing system of contemporary 
deposits. This whole system of swamp cake and sea grit accumulating here 
at one time, rliere at another, corresponds to the single slab of time called the 
Carhmferous or Coal Age. The relative ages assigned to rocks at different 
depths in one and the same place and to rocks near the surface at different 
places is based on surface surveys, and on cspcrience derived from mine 
shafts, from quarrying, and from the aspect of steep cliffs. What rocks arc 
truly contemporary transpires only as a more or less coherent picture unfolds 
from the combination of evidence from all sources. 

Certain regularities are inescapable. In England, for instanct*, the complex 
carboniferous system of milisrone grit, Fcnnmc limestone, and coal scams 
lies in many places between thick crusts of “New” and “Old” Rcti Sand¬ 
stone, respectively alxwe and below it. Ebewhete cc»l fe directly covered 
with marine deposits of chalk which raiy itself He dittctly above layers of 
New Red Sandstone {Pmniml where no meta of the mbonifemus system 
arc present. Thus the English chalk assiped to the CrHwms age is i newer 
deposit than the New Red Sandstone, lie latter in its turn is newer than 
the coal, and the Old Red Sandstone (Dwomm) is older than all thrcc.^ 
Between Hutton and Darwin a century was occupied with the task of 
sordng out the piece.*! of a gigantic jigsaw puzzle. An Italian contemprary 
of Hutton recognized a broad division of three sysmms of rocks, a prmtry, 
deepest of aU, a sm^nduty or middle, and a tetimy or more superfida! group. 
Smith himself traced the succession of sewdary beds severally formed 
between the coal age and the chalk age. Thirty years kter LycU and a French 
geologist, Deshayei, divided the newer or wtiiiy beds into ik«e, Mimm 
(“less recent”) and IHmme (“more recent”) while Sedgwidk trar^ 
out the lowermost level of fossil-bearing ro^. Ifo foe CMdmm 
because the slates and grits which lie ncir the surfare: in North Wales tre 
assipedtoit. 

When the sedimentary rocks arc arrayed in chronological squence they 
make up a total deposit of about 4tKl,()(K) feet. Direct observations on the 
accumulation of silt at deltas show tltat an immense period of time must 
have inten*cncd since the first living creatures lived on mth. We can measure 
the exact amount of sediment which has been added to the neighbourhood 
of Memphis since the reign of Rameses H. From fob, the rate of dept^itfon 
by foe Nile is found to be 2 feet in a thousand years. At this rate about M 
million years would elapse while 'IQOjOOO feet accumulated, It is now poadble 
to get two different historical estimates wMcb agree cWy. The radww 
atom (p, 4{)fi) is unstable. It continually gives off minute quandrie* of Wfium, 
pd its final disintegration product is lead. The rate at wliich it disiis^«|c«hei 
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is known from laliuraloiy ob;.i.'ivation,, ami ilie. qiamfiiics of ravliuni, lead, 
iind lniiniu imprismiail in difihem strata cm ho dcicrmhicd by direct 
analysis. Tlie miio ut i.sluiiis lu liclimn or radium to lead thus gives a measure 
of their nniitiiuty, I 5 y boih methods the end of the L-unbriati period is dated 
at ■ltH),fiiiiVi(*ti With a discrepancy less than:! per cent. The middle of 
the co.il age occuru'd years ag.o. The chalk age occupied 

ye.ii',, ami afioiit 1 lU,iHili,(il)lt yeai;, ago (Fig. Fltl). 

.Smith ivlleatod and G.i'.sitk'd tiie lussils he iomul in coal, in quarries, in 
cliiis, and in gi.ivi'ls, noiinj; wliich lyju's of slielis were common, and which 
were peculiar m dilleivm typesuid. In IVli'i, wlwn ho had completed his 
preliitiinury .smvey 01 tl;c diid'iuunations limn the coal measures to the 
chalk, he h.id ie.i< licvi the i.oiu Insfon that the suites of firssils at dillerent levels 
“always suvuvil mu: umulier in ilie .same order.” Thtnwforward a new 
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It IS clcHiil'ct! in his ianm,^;taph o.s "Ilomo Diluvli Tesib” {Mm,’ to 
tin 

I systcniiitic stiuly of fossil atiimafs and plants was vigorously prticcuted, 
p i^ptx'ially in France and in Fnglund. 

I I'hc result was the recognition of an orderly pageant of living CMtures 

ctntuRlied in what is called the Prindpk of Sucemitm, The prevailing iltinide 
which had l)ccn atlopicd niuier the inlluence of Christiwi cosmogony during 
i foe previous century is illustrated by a figure in an early treatise on fossils 

j by Sdicuch/xr, who in IVdd unearthed the bones of i giant salaiMadffif. 

j 'Fhc remains of this sjuxies, closely allied to foe extant Japanese C^pto* 
kmdmjaponLus, alxtunds in the Upper Miocene of Switzerland (Fig. As). 

! : The figure of his specimen c.tllcd Ihnm diltmi icstis by Scheuchar bears a 

motto, winch is translated: 

Uh, sad retnaisn of Imic, frame of poor Matr of sin, 

.Softcti the lif-art and mind of recent .sinful kin, 

The geological .succession of organi-sms is demonstrated by two olassea of 
data, The first is that niiiny of the more highly specialized and successful 
froups of the present day did not exist at earlier periods of foe earth’s history. 
Iley were preceded by ftms which are imermediate tetweoi them and 
lepracmativcs of sunivlng groups that already ejested before focro. 
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Fig. 449.—The Geological Hour-glass 

As set forth by Holmes ia The Age of the Earth. The Pleistocene and Recent periods, 
since the beginning of the Ice Age, ai-e represented by the thickness of the top Ime of 
the diagram. 
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The second is that the earliest members of the great groups usually exhibit 
a more generalized type of structure than that of existing types. Adequate 
material for drawing such conclusions is provided only by forms which have 



Fig. 450.—Remains of Archaeopteryx Preserved in Shale from 
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resistant structures such as VertebrateSj Arthropods, and plants with woody 

fibres. ‘ . ^ 

The earliest Vertebrates of the rocks are the Devoman Ostracoderms, well 
preserved forms, whose structure resembles that of the lampreys. That is to 
say, they were fish-like forms which had not as yet developed paired limbs. 
Amphibia, the least specialized for terrestrial existence, abound early in the 






coil igCj appearing just before it begins. Reptilian types emerge late iti^the 
coal measures. Mammals are found at the end of the IriassiC) and primi¬ 
tive birds in the Jurassic period which succeeds it. In the iirst true fishes 
there were heavy “ganoid” scales like those of sturgeons aiul the fins were 


common with the lung fishes of today. The bones of their hrabs^ ana me 




In the Arthropod seric!; ihc earliest class to liecome dominant was the 
extinct Palaeowic and very getieraliaal group, the Trilobita I'hey were 
exclusively aquatic like the iiiiijOTity of modem Crustacea. Crustacean types 
fbt emerged in the Cambrian. Winged insects and land Arachnids Ee land 
Vittelmites lint apyiear abimdamly in the coal measures. A more generalized 
group of aquatic Arachnitis witli some Trilobite features or organization 
(Huryp!ei'id.s) already cxisteil early in tlie Palaeozoic. 



luo. 


i he eailicst representatives of tlse phylum ArtlwopodH found m the oldest sedimentaty 
rocks arc the Tritobiw, a group whidi piirttike of the cliaracteristicss of all die mm 
specialized classes wMcli evolved later. Thus they liavc a single pair of feelers Ute 
iMcdSi bifid swimming limbs Id'c crusmcca, and no specialized mandibles or biting 
jaws such as we praent in itisects and Crustacea but absent in die wacbnidb, The 
principle of »ucce«{en is well illustrated in Irilobltcs, owing to the feet that all parts 
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segments like the masticatory bases (“gnathites”) of the anterior appen¬ 
dages of Arachnids. As in Arachnids, no pair of appendages is exclusively 
subordinated to masticatory activity as are the mandibles of insects, Myriapods 
and Crustacea. Thus the Trilobites agree with Arachnids in having no man¬ 
dibles, with insects and Myriapods in having one pair of feelers or antennae, 
and with Crustacea in the biramous character of the trunk appendages 
(which are presumably for swimming). 

So the predominant group of the Arthropod phylum at the time when 
the first representatives of any extant groups make their appearance, was a 
group of species which combine the structural characteristics of all existing 
groups. The preservation of the Trilobites is so perfect that we know as much 
about the external anatomy of several genera as we do about that of any 
extant representative of tire Arthropod phylum. The earliest Arachnids 
(Eurypterida) to become predominant are far more like the Trilobita than 
are many of the later and now predominant repesentatives of the same 
class. The King Card, Liraulus, is tlie sole surviving representative of an 
order of Arachnids closely allied to and contemporary with the Eurypterids. 
An aquatic scorpion Palaeophonus, intermediate between modern scorpions 
and Eurypterids, occurred before the Carboniferous. Then came typical 
land Arachnids with remains in the coal measures. In the Carboniferous, 
insects are abundant, whereas the Myriapods, which may be looked upon as 
intermediate in many respects between Trilobites and Insects, go back to 
much earlier rocks. 

Just as the earliest Vertebrates and Arthropods were aquatic, the earHesf 
land plants were semi«aquatic species like ferns and horsetails. Extinct 
ferns include species which bore seeds and thus bridge the gap between the 
Cycad palms and the earlier type of fern which survives to the present day. 
Gymnosperms preceded flowering plants, and'among the fossil Cycads were 
species with hermaphrodite cones which are not a far cry from cone-like 
flowers of an archaic type characteristic of the modern ornamental genus 
Mainolia. 


THE PRINCIPLE OF DISTRIBUTION 

The principle of succession, which emerged with increasing force as the 
chronological order of the sedimentary rocks was established, and as their 
fossil relics were unearthed during the first half of the nineteenth century, 
showed that the gaps between the well-defined classes of living creatures are 
filled in by intermediate forms which lived on this earth in past epochs. 
Different species of animals and plants have lived at different times in the 
past. Different species of anim al and plants live in different places today. 
The geological record shows that fossil representatives of a group are usually 
more alike, if they belong to the same strata, i.e. they are more alike, if they 
lived about the same time. A corresponding gener^zation is broadly true 
about related species which live in the same geographical region. For instance, 
all the species of the kangaroo family live in Australia, and all the species of 
the ArmadiUo family Uve in South 
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The Scorpion family provides a good illustration of the fact that geo¬ 
graphical propinquity is generally associated with greater similarity of 
structure. Sk families of Scorpions are commonly recognized. If we exclude 
the neighbourhood of the Suez Canal and a small part of Morocco, only 
two families, the Scorpionidae and the Buthidae^ are represented on the 
African continent. Species belonging to both these families are also found 
in Asia south of the Himalayas, in Australia and in Central and South 
America. In the remotest part of the African continent, the Cape Peninsula, 
the Scorpionidae are represented by one genus, OpisthophthalmuSi and the 
Butludae are represented by three genera, Uropkctes, Parahuthus and Buthus. 
Opisthophthalmus and Uroplectes do not extend nortii of the Equator. Para- 
buthus extends beyond the Suez into Arabia, and Buthus ranges over South 
Asia. None of these four genera contains species found in Australia or 
America. The Cape species of Scorpionidae belong exclusively to a genus 
which has no representatives north of the Great Lakes. The Cape species 
of Buthidae belong to one genus which is exclusively South African, to one 
genus with species in the part of Asia nearest to Africa, to one genus with 
species distributed throughout South Asia, and to no genera with American 
and Australian representatives. 

While belief in special creation was prevalent, the only explanation offered 
for the connexion between geographical propinquity and structural simi¬ 
larity was that animals and plants have been placed by Providence in the 
station of life to which they are best fitted. Colonial enterprise and horti- 
culmre both show that this is not necessarily true. At the beginning of the 
nineteenth century there were no rodents in Australia, where the rabbit has 
become a proverbial pest. A few blackberry seeds transported to New 
Zealand sponsored a blackberry plague which is a serious agriailtural 
problem, Less than two centuries have elapsed since commerce with New 
Zealand began. There were then no indigenous mammals on the islands, 
where twenty-five imported species are now living freely in the wild state. 

Exploration and new amenities of transport during the imperial expansion 
of the nineteenth century provided new opportunities for examining other 
circumstances associated with the fact that related species live in restricted 
localities. The two most obvious are; (a) the ease with which different groups 
of species can travel, on account of their locomotory organs or devices for 
seed dispersal, and (&) the physical obstacles which they encounter in spreading 
far afield. In general, groups of species which can most easily surmount 
barriers of ocean, mountain or desert spread themselves over wider areas. 
While bats are cosmopolitan, terrestrial mammals and Amphibia (frogs and 
salamanders) are not found on islands separated by a wide stretch of deep 
water from the mainland. 

The great traveller naturalists, of the nineteenth century made a close 
study of island faunas ; and compared them with the faunas of the nearest 
adjacent land. The animal and plant populations of some islands are made 
up mostly of species which also Hve on the nearest adjacent land areas. Other 
islands are populated almost exclusively by species which are endmc, i.e. 
are not found elsewhere. Islands of the first class are generally near the main¬ 
land and are not separated from it by a great depth of ocean. Islands of the 
, , 2H 
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latter class, called oceanic islands, are separated from the raaiiikmd by a great 
depth of water. They may be volcanic, and if so have never been connected 
with tile adjacent land area; or they may have remained separate from it for 
a long period of geological time. The Cape Verde Islands olf the west coast 
of North Africa are volcanic islands. New Zealand, which is separated by a 
deep channel from the Australian land mass, appears to have been separated 
from it in Jurassic times. 

The following tables taken from Romanes, a contemporary of Darwin, 
are still representative. St. Helena, Galapagos Islands and die Sandwich 
Islands are typical oceanic islands separated by a great depth of water from 
the mainland. In glacial times the British Isles connected with the inuinland 


A. PECULIAl^ OR ENDEMIC SPECIES 
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of Europe. The British Iste include about a thoiaand isJittds large and 
small. St, Plelena is a single volcanic rock. 

The geological record furnishes one clue to the inn c-ani»g of this contraid 
We know that the species whidi now live in Europe have changed very hide 
since glacial times, when the shallow channel bciwWi Britain and the amto- 
land was established. In other words, strany British ipcm arc still identical 
with European species which already esdsted when Britain w sriM part of 
the European majnla,ad. The vastly deeper chtmid wfnch separata New 
Zealand from Australia points to a much lortger period of isolirioru So fewer 
existing Australian species arc identical with spedes whii «ri«tcd When New 
Zealand was part of the same land mass. Of 1,040 speefcs of New Zealaid 
butterflies, 68 are Austraila% 24 arc cosmopotoi, and the rmainiag 
81 per cent are endemic. 

Colonial experience fmxdshes a second due to the pmllef 
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features of oceatuc islands. Carnivorous mammals, such as stoats and fbxa, 
which pity on rabbits dsewheit, do not exist in Australia. Circuimtances 
which would wntribute to their extinction in other regions were tltcreforc 
lacking, and they multiplied accordingly. Conversely the introduction of new 
predatory species by colonists has resulted in the rapid extincrion of pre¬ 
existing species, like the Dodo. Animals brought at rare intervals by drifting 
logwod and sods dropped by birds can multiply on volcanic islands without 
competition from preckory spedea on the mainland. So they may survive 
in thdr new surroundings, while thdr relatives on the adjacent mainland 
are making way for other apcctcs, 

Families (e,g. Scorpionidae) generally have a more widespread distribu¬ 
tion than the genes (e.g. Opisthophthalmus) placed in them; and include 
spedes which teve been separate for a longer period of geological time than 
$pcd« placed in 1 single genus, So species placed in difemnt genera of the 
same femlly have usually had a longer period fk spreading for afield than 
speda plakd in the same genus. In short, all the facts of the geologial 
record ikl of geographical distribution point to the same conclusion. New 
speck are oonriaijiliy appearing and old ones arc contmualJy extimt. Four 
years before Darwk’s fimt book appeared Wallace summed up the known 
facts tbotit distribution in time and space at the conclusion of his paper 
entitW On tk Lm which to Regulated the Inirodmim of Nm Spccier, 
every speck his oome into existence coincident both in space and rime with 
a prwijstiog ckcly alhd sp^^ 

THB THSOEV Of NAT0MI SEBCnON 

WiCace aad Datwjn, to whose restatement of the matcriallit view the 
pwrige whidh evolution now enjoys is largely due, were primarily pR- 
oewtj^ with the panorama of living creatures disclosed by the great advimctt 
in estptedon during the preceding century. To the quation why do aome 
typ^ mdit edy in one place and others only in a dilfcRnt loality, their 
«sw« wm that speda unable to survive in competirion with others lave 
dk|^^»»d, way for those more suited to the material condltiow. 
la other words, the barriers of ocean, currents, mountain mages, lad riw 
Ute, peArm. the wme function as the wire netting or fence by wWch the 
stoi'^bme^ perpetuates pure varietk, That such pure varieties arise Is 
nature as sp&rU or “mutarions” which breed true to type when mated wTir« 
was inferrd ftom the apericna of the breeder, horriculturalist, and fiacier. 
Today it is attested by laboratory aperimciits under coatrolkd ooaditioM 
dacribftd in the next chapter, 

Both Darwin and Wallace evaded the dlstmction between the scpaKtioia 
(finally distinct vmeiks and spicm in the linnaean sense. They s«m to 
have assumed that when m varietia are sepaated by a stiidendy diverse 
awcml^ of dtaractcriatics they become intct-iterile, and omstitute disrintt 
bweiag units. In the light of doser aquMtance with evolutioa in the field 
and with mutation in the laboratory we can now see that this assumprioa was 
ptuiujua. True speda which do not inicr-bRed and differ very shgbtly ki 
thadf chaiacteristk mtiy, and often do, occupy the same locality, For In- 
stiiipe, anyone may see scveial speda of the gratis Geranium Perb Robert, 
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etc.) growing together on a Devonshire wall, several species of Veronica 
(speedwell) mixed up in a roadside ditch, or the two species of Woodbine ! 
(coiivulviiliis) growing intertwined in a hedge in Herefordshire. S 

Since we now know that mutations which are iiucr-sterile though fertile t 
when mated to the parent stock arise in experimental cultures of animals i 

and plants, tliis criticism which was rightly advanced by some of Darwin’s | 

critics need no longer prove an obstacle to the common-sense view that the t 
unity of type in living creatures, the record of the rocks and the peculiarities i 
of geographical distribution arc the outcome of descent from common \ 
ancestors by the natural process of generation and the continuous extinction } 
of forms which cannot survive the continually changing conditions of life 011 | 

earth, | 

i’UNNtID ECOLOGY | 

The theological temper of the controversy which raged when Darwin’s ^ 

views were first published concentrated attention on the problem of man’.s 
past. The vindication of the scientific outlook, which was the outcome of i 
the struggle, was a momentous achievement. It is doubtful whether organized 
religion will ever regain the power to obstruct the advance of knowledge. 

Today a more important issue which emerges from the evolutionary doctrine 
is the future of man as a guiding and directing agent in the process. 

The evolutionists of Darwin’s time emphasized the way in which compe- f 

tition between species in large geographical areas affects their distribution I 

during long periods of geological time. The study of smaller and more ; 

homogeneous units of habitat during shorter periods draws attention to ; 

their interdependence, Within any restricted geographical area we encounter ' 

well-defined assemblies of species living together in a more or less stable 
pattern, and similar associations may be found in widely separated regions. 1 

Beneath the stones of a garden rockery in Manchester or Montreal, in f 

Camberwell or in Cape Town we find much the same collection made up of ^ 

local species of the stune fiimlliar types, such as millipedes, centipedes, beetle 
mites, snails and ground beetles. Similar herbs are found in the undergrowth ( 

of an oak-birch wood in different parts of Britain and are characteristic of 1 

the same association, All the species which make up a relatively stable associa- I 
tion can be placed in groups which depend for their existence on others, j 
Unrestricted competition is only possible between species within a single f 

group. The complete elimination of all species in one and the same group 4 

would bring disaster to the community as a whole. \ 

A terrestrial life conmmnity or ecological system such as the population of 
a garden rockery consists of green plants and nitrogen-fixing soil bacteria 
converting the inorganic constituents of the soil and atmosphere into organic 
matter, herbivorous animals and fungi living at the expense of living and dead 
plants, carnivorous ^and parasitic animals living on the remains of both larger i 
carnivora and herbivora, putrefying bacteria and saprophytic fungi living on j 
the dead bodies of aE these, and nitrifying bacteria converting the simple ? 
organic nitrogen compounds Ebcrated by putrefaction Into nitrates for the } 

use of green plants. At any level in tliis closed cycle of chemical spthesis and i' 

disintegration several species compete for the ilcans of survival, and every 


The Ascent of Man 965 

species depends for its survival on the activities of others. Without putrefying 
bacteria the soil would become exhausted, and incapable of sustaining green 
plants. Without green plants herbivorous animals would die off, and carni¬ 
vorous 8pecie.s would be deprived of their prey. Hence intelligent intervention 
of man as a directing agent in the evolutionary process demands an inventory 
of all the species with which man competes and till tlic species on whose con¬ 
tinued existence his own depends. The vast assemblage of classified material 
which the museums of the world have contributed to our present knowledge 
of the evolutionary drama is the necessary prelude to a planned ecology of 
mankind. 

In establishing himself as a world-wide species man has brought into 
being a world-wide ecological system with little prevision of his own power 
to direct ilic future course of evolution. While he was natur alizing tiic dog, the 
sheep, wheat, the silkworm, the horse, and the potato on all five continents of 
the earth, he took no stock of the prospect which evolution now unfoltls. The 
vast wastage of natural power by blind competition between multitudes of 
species which are indilFerent to human requirements need not continue, if 
man now applies bis scientific knowledge to a deliberately planned project for 
eliminating spcdcs which compete witli him for the means of satisiktion, 
comerving oidy those whkh-directiy or indircctiy—contribute the means 
of food, of shelter, ormment, and a pleasing prospect. 

Extensive sodil control of productive uctivitiM is an essential , condition, 
The outstanding tcdmological problems may be indicated under four 
main headings. The first is how to control the physical agendes wliich 
limit the survival and quality of species which subserve human needs. The 
second is how to destroy competing spede.s which do not subserve humtn 
needs. The third is how to preserve edible species. The fourth is how 
to improve the quality of propitious species by selection of suitable varieties. 
This wEl be dealt with in the next chapter. 

Any ecological system ultimately derives its charaacr from the chemical 
constituents of the toil and such physical conditions as humidity, light, and 
h«it, Reference to the chemical constituents has already been made in the last 
chapter. The increasing part which tlie new knowledge plays in the social 
practice of fflinkiad is iilustrated by the fact that the amount of nitrates used 
in agriculture was trebled between lilOE, when the only sources were aatued 
deposits, and 1028 when half tlie world output was prepared synthetiwlly 
from atmospheric nitrogen. During the decade ending in 1026 the world’s 
export trade in phosphates increased by 5(1 per cent. The addition of potash 
fertilizera has morciised the monetary gain on citrus trees by po an acre. 
The use of lime and phospktic fertilizers has opened up a large area of 
200,000 aero of almost desert land in south New Zealand at the coat of £1 
pffacre. 

Tracts of heatidand in Cornwall, where tlie low moor vcgetetion is due 
to lack of lime alone, have been made to yield magnificent crops of com, 
seeds, md roots by the addition of sea-sand, which is rich in cakium on 
account of shell fragments. Phosphate excess, which has led to Mure of 
Mt and root aops in Devon, can be completely remedied by the application 
of potash. Rcfctcnce to the preservation of livestock m regions with t low 
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olciuin or iotlioc soil coutini has bceri niiide in earlier chapters. Another 
example « bush sickness in New Kealami, u foim of anaemia due to iron 
ahotfage, It cm be remdiei! suctessfylly by addition of iron to the diet. 
Dopiness in sheep, whidi, like rickets of piy.s, is a calcium deficiency disease, 
can lie rcraedied by an extra Giictum rntion. 

One important general iipiiliGition ol' chemistry to human ecology is 
the enonnoiis elfcct on the quality of paswntgc produced by nitrogenous and 
phosphate dressings. The nicrogen rciiuireraents and protein content of 
dilierent species of grasses vaiy consitlerubly. I’he best and worst annual 
meat production per acre of pasture in llritain is stated by Stapledon to be 
in the ratio of I to 20 , ] 5 y suitable l ialiince of the mineral ooiatituents of the 
soil we an encourage the inultiplicaiimi ofi'ood grasses (high protein con- 

. . . < • * » .. t. .*_I _ • _ 
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would increase die return on food production by increuaing the available 
sources of heat and light. A very recent empirical discovery concerning the 
influence of the latter may turn out to have much wider application now 
that a scientific replanation is available. Winter egg production in fowls 
can be stimulated by exposure of the birds to electric light stillicieiuly to 
make it a commcroially paying proposition. This appears to be becaiiia; tlic 
pituitary gland, which stx'retes a hormone regulating the ovary, is reflcxly 
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lifc-qrcte as a parasite on the barberry, By removing the intermediate host 
from wheat-growing areas, a policy adopted extensively in America, the danL'er 
of infcctiofl is practiailly stamped out, In North Dakota this has resulted 
in the saving of eighteen million bushels in ten years, 

A fatal disease of poultry known as gapes is dtic to a nematode wliich 
normtdly infests turkeys and does not seem to do them much harm. By 
keeping poultry away from turkeys the danger of contracting tlie disease is 
enormously reduced. The menace of the clover seed midge lias been elimi¬ 
nated by cutting the first hay crop ten d:iys earlier, thereby preventing ilic 
imscct from completing its growtli. The com borer tmd the cotton boll-weevil, 
which was responsible for a hiss of r)(K),000,U(K) dollars in the United vStates 
during 11121^ could be stamped out if the dead stems were not allowed to 
stand during winter. In I'exas, with the co-operation of a popultition of 
IfiOjlKKl persons and the cicstrudiofi tif summer-fniiiing trees with 
the consent of their owners, who were in many aises not personally allkted, 
tlie Mexican fruit-fly pest of citrus has licen eradicated, 'I'his was achieved by 
doing away with all other fruit growing in citrus areas tmtl rcraricting the 
frait-karing period of the citrus trees, so tliat the insect cannot tiurvivc the 
period between successive fruiting seasons, 

The elimination of harmful species by chemical control is illiisrrated in 
the latter part of the following passage from Hnid Charles’ book, The Twilight 
of hffmihmdi 

Wc are only beginning to realize the inagnitudc of wasted cfibrt which arises 
from witless competition beiweeii man and those organisms which are described 
as weeds, pests, or parasites. Tentative estimates of the total losses which agri¬ 
culture sustains from the last two kve yielded a figure of the order of 2,’i per 
cent, Such a fipre based on destruction of crops and stock by known pt:sM and 
parasites probably repre,scuts a small fructum of the total kiss incurretl, partly 
because it is based upon the damage done by specific agencies such as imtato 
virus or wheat rust rather than non-spedfic agencies such as wiroworras or 
slugs, and also because the loss through destmetion of crop and stock may be 
small comimred with the reduction of quality in what is not deiawyeih n tact 
which has been brought out especially in connexion with apple diseases. 
Although the effect of the common plant hug, known as the leaf-hopper, m 
psusture quality cannot be detected by the naked eye, Professor Osborn has 
shown that when leaf-hoppers are excluded two cows ran he kept where 
there was barely enough for one. A few illustrative dam concerning kisses may 
be cited. The destraetkm of wheat by rusts and of potatoes by virus amouata 
to between 10 per cent tind 20 per cent of world production. 'These two diseases 
constitute a small part of die leases which wheat and potatoes suiter on account 
of fiarasiteH and pests. In addition to rusts wheat Is attacked lsy a number of 
specific orgnmima such as tlie Ihfssian fly, a gall midge, anraher Dipteran 
Omnm /nt, and the gall thread-worm, Tykmhm, It is attacked l»y several non- 
spccifie organisms such as the cora-horcr, and large losses to the stored grain 
arc sustained through the ravages of weevils, The potato is attacked by two 
fiM ftinps diseases, potato blight and wart disease, tlie fimner of which 
was the source of dw Irish potato famine of IS4.1-47, Several insects speaTicilly 
iitrack the potato, the Ckiiorado beetle in America and the tubet-moth in Bus 
bouau^ belng the most impomnt. In some years a third of the teet crop of 
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I'rance lias been destroyed by the gall thread-worm Betmdera nlone. Beet, 
again, liuii several specific diseases. The Economic Advisory Council estimates 
that during the last five years locusts liave deprived mankind of the fruits of 
I five and a liiilf million working days per annum. The known yearly losses due 

I to insects in the British Empire would feed the entire population of Englantl 

and Wales. In frillt the known loss of crops due to insect ravagesi in the United 
I States represented a total equivalent to a contribution of one dollar per head 

' of tlie workTs entire population. An even more impressive picture of the forfeit 

i man pays in unscientific competition with other species may be obtained by 

considering the gains resulting when he applies science to their mastery. There 
are five fairly common fungus parasites of the apple: canker (Ncctria gallinena), 
scab (Vmuria mqualis), mildew {Podiosphaera kmtricha), brown rot {Sdem- 
tinia frmmtaX and blossom wilt (Sderotinia cinem'), Of the common insect 
parasites may be mentioned: Blue bug (Anuraphis), woolly aphis (Eriosoma), 
apjilc fiiu.ker (Psyllii), Capsitl bug (Plesiocoris), apple blossom weevil (Antho- 
noma), codling moth (Cydia), and apple sawfly (Hoplocarpa). Considering two 
of these alone, three years’ trials at Wisbech with spraying against Cap.sid bug 
mid scab consistently in each case increased the yield over 100 per cent. The 
new nieihod of growing apples as cordons or espaliers in low hedge formation 
lias the double advantage of increasing fruitage at the expen.se of vegetative 
growtli ami fiicilituting monthly spraying which guanmtees immunity against 
all tlie parufiite.s memioned above. . . . The use of insecticides and fungicides 
is not the hit-aiui-miss method which some people imagine it to be. Intensive 
researches in applied toxicology have been directed to tlie discovery of highly 
.sjiecific iioisonii which kill injurious organisms in qmmtities tliat do not harm 
nun-injurious ones. I'lic fimgus diseases of potato (blight and wart) can both 
be controlled by spraying with a toxic preparation. Two insect parasites, the 
bean beetle ami black liy, and an acarine which attack beans, the insect para- 
jiitea of calibages, carrots, onions, turnips, beet, peas, and potatoes, can now be 
controlkai liy spraying of the (ilioot or soil fimiigation. Longley in lihlO adketed 
data from iiinety-.six apple-growers in Nova Scotia to determine the Mucncc 
of .spraying and du-sting on yield, llie results demonstrate a dear increase in 
yickl coiTcsponding to an increased amount of spray. This holds good with 
slight lluctuations from an expenditure of two dollars per acre widi an average 
prodiiiiioti of Hb2 barrels to an expenditure of 24 dollars per acre yielding 
an average production of Bi1 barrels. 

llic method of hyperparasitization is referred to in the following citation 
fraia tlie .same .source: 

Experts differ concerning its possibilities. Its importance lies in the fact that 
when it is successful the cost is utterly negligible compared with the result,s 
ichievai, |ust as the farmer kecp.s the ferret to check the growth of rodents, the 
State cun breed specific parasites to destroy animals which attack crop,? or pests. 
Among notable successes which have been claimed for this method is the 
destruction of wixilly aphis by the insect parasite Aphelinu.s mvili. The earliest 
successful experiment in biological control was the introduction of the pre¬ 
datory ladybird, Vedalia cardimlk to keep down the scale insect, Iccrya 
purdiasi, which attacks orange and lemon groves. The citrus raeidybug has also 
been brought under control by die introduction of the cocdnellid CryptoDcmus, 
for the breeding of which there are thirteen insectarics in the infested districts 
of Oalifomia. An attempt is now being made to control the pink boll-worra in 
Egypt by die introduction of a Hymenopteran parasite, Microkam JCiVA- 
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dance of a narcotic plant or of particular species of parasites or of cereals 
(e.g. maize) deficient in vitamin content may act as an effective obstacle to 
sustained progress of any kind. 

We still know nothing about how Palaeolithic man hit on the custom of 
scattering grain. Thanks to the work which is now being encouraged in the 
Soviet Union, we are beginning to know something about the distribution 
of various species of cereals in the dawn of civilization and their relation to 
the indigenous culture of the seed-scattering “Neolithic” societies. The 
outstanding fact about the entry of animals into the ecological system of man 
is that man and the dog are universaEy distributed together, even in regions 
as far apart as Greenland and New Zealand. The association of man and 
the dog in the earliest cave drawings, the existence of the dog in Australia 
where man and the dog are certainly joint interlopers on a continent cut off 
from the mainland before placental mammals reached it, the existence of dog 
remains of considerable antiquity in the Queensland caves, and a variety 
of other evidence suggest that the disposition of the dog is hardly less decisive 
than the disposition of man as an agency in the evolution of the human 
ecological system. 

A comparison of the Avebury dog, the Australian dingo, and the Eskimo 
type suggests that the earliest associate of the dog tribe was something like 
the Javanese chow, and that this type followed man round the world, breeding 
with other local species like the wolf and the jackal, which are still apparently 
interfertile, though commonly distinguished as Linnaean species. Various 
species of wild dog are addicted to hanging round human dwellings as 
scavengers, and the beginning of the animal association in the stage when 
man was a food-gathering creature was probably accidental. The dog as 
scavenger and unofficial dustman to the kitchen middens of Palaeolithic 
man participated in, and perhaps encouraged, the habit of hunting other 
beasts. Where there were indigenous and gregarious ungulates like sheep 
or cattle, the dog would round them up, keeping them metaphorically in cold 
storage, so that there was no longer need for hunting far afield. Imper¬ 
ceptibly man would pass from a sheU gatherer to a hunter, and from a hunter 
to a herdsman by virtue of this fortuitous association. 

At each stage, the fate of culture would rest on the species of wild animals 
and plants in his immediate neighbourhood. Once man had blundered into 
the associations which led to the use of other animals as steeds, sources of 
meat, milk, fur, and so forth, the several types of association acquired the 
character of an orderly routine regulated by tradition. This tradition was 
oral. It progressed without any spectacular changes from the beginnings of’ 
settled calendrical culture, and remained outside the urban cultivation of 
scientific Imowledge till commercial seed production during the past three 
centuries provided the impetus to rational, deliberate, and systematic pro¬ 
duction of new species propitious to human heeds, 

PRE-MENDELIAN HYBRIDISTS 

There is an admirable survey of the efforts which followed Fairchild’s 
success (p. 825) with the carnation and the sweet-william in Roberts’s Plani 
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Hybridization Before Mendel. By the middle of the nineteenth century there 
had been enough progress to compel the recognition of certain common 
features of hybrid crosses, and to encourage the search for theoretical know¬ 
ledge to guide the practice of the seedsman and the nurseryman. As yet the 
horticulturalist had no certain recipe for fixing a new hybrid type without 
recourse to the traditional methods of natural or artificial vegetative propaga¬ 
tion. The work of Knight (p. 814) shows how the new knowledge of pollination 
had made it possible to create new varieties for the herbaceous border, the 
kitchen garden or the orchard. Once created the new varieties could be 
propagated by cuttings (roses), by grafting them on to parent stock (roses, 
apples, cherries) or by runners (strawberries). Such hybrids could not per¬ 
petuate themselves by seed, and many of our dioice fhiit trees and ornamental 
plants keep their characteristics only because they are never propagated by 
sexual generation. 

It was clearly recognized that stable seed varieties may turnup in later gene¬ 
rations of hybrid plants. What was lacking was knowledge of how to achieve 
this result. Malcolm’s seed catalogue of 1771 refers to seventeen fixed varieties 
of kitchen peas, and experiments with pea hybrids led Knight to an observa¬ 
tion which was ultimately destined to eclipse his many practical achievements 
in the improvement of strawberries, currants, grapes, and ftuit trees. His 
reasons for selecting the pea are given in his own words: 

None appeared so well adapted to answer my purpose as the common pea, 
not only because I could obtain many varieties of the plant of different forms, 
sizes, and colours, but also because the structure of the blossonis, by pre¬ 
venting the ingress of insects and adventitious fauna, has tendered its varieties 
remarkably permanent. 

Knight’s experiments continued for thirty-six years, ftom 1787 to 1823. 
His general method was to pluck off the stamens of all the flowers of a plsmt 
and dust on the stigmas pollen &om flowers of another plant. In selecting 
the pea for his major inquiries he had more good fortune than he could have 
anticipated. Perhaps because the pea is valued for its seed, the principal 
available varieties of the pea included many which were distinguished by 
conspiaious characteristics affecting the seed, such as shape—roimd, 
wrinkled, etc.—or colour—white, grey, blue, green, and yellow. Knight 
found that when individuals of two pure strains, e.g. a white seeded and a 
grey seeded variety, are crossed by the method stated above, the seeds pro¬ 
duced are uniform^ generally like those of one—the dominant —rather 
than the other-the recessive (p. 976). The same results are obtained in 
reciprocal crosses. Thus if pollen of a white-seeded variety is used to fertilize 
ovules of a grey-seeded variety, the seeds produced by the maternal parent 
are all grey, as they also are if pollen from a grey-seeded variety is used to 
fertilize ovules of a white-seeded variety. When he raised tliese hybrid 
plants and tested the effect of pollinating flowers of one hybrid plant with 
pollen from another of the same generation, Knight found that most 
pods produced seeds of two kinds—like one (e.g. white) or the other 
parent (e.g. grey) of the original aoss. A few pods contained seeds of 
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one kind only, being exclusively like either one or the other parent of the 
original cross. 

Of itself Knight’s discovery of the “splitting of hybrids” did not advance 
the problem of fixing a new combination of variety characteristics. It was 
followed by several investigations of the same nature by other horticul- 
turalists, notably in England by Herbert, Goss, and Laxton, who all worked 
with peas and obtained similar results. In 1820 Goss drew attention to the 
fact that the recessive type (e.g. white-seeded variety in the previous example) 
obtained by intercrossing the hybrids was just as pure as the original recessive 
parent of the hybrid. It perpetuated its kind, uniformly true to type, when 
self-fertilized or poUiuated by its own kind. Laxton, whose work was pub¬ 
lished by the Horticultural Society in 1872, took the enquiry a step farther 
by recording crosses involving several characteristics, observed the possi¬ 
bility of fixing particular combinations, and gave rough estimates of the 
numerical proportions of the several types. 

A widespread interest m the tech^que of hybridization at this time is 
emphasized by the rewards which were offered for the prosecution of similar 
researches in France and in Germany. In 1861 the Paris Academy offered 
the grand prize in the physical sciences for the study of plant hybrids, in¬ 
cluding among various other issues the question “Do hybrids which reproduce 
themselves by their own fecundation sometimes preserve invariable characters 
for several generations, and are they able to become the types of constant 
races?” Previously in 1819 and 1822 the Royal Prussian Academy had set 
the prize question, “Does hybrid fertilization occur in the plant khigdom?” 
In 1830 the Dutch Academy of Haarlem propounded the riddle in the words: 

What does experience teach regarding the production of new species and 
varieties through the artificial fertilisation of flowers of the one with the pollen 
of the othear, and what economic and ornamental plants can be produced and 
multiplied in this way? 

The prize offer renewed a second time in 1836 was taken up by Gartner, who 
received the award in 1837, carried out numerous crosses with garden plants, 
and , a very extensive enquiry into hybrid peas on the lines of previous work 
by Knight and Goss. He also worked with maize, and the large number of 
seeds produced by varieties of this species permitted him to recognize con¬ 
stant ratios of the several types more clearly than did Laxton in his later 
work on peas. 

Of those who contributed solutions to these public competitions Natidia 
is specially noteworthy for the report presented to the Paris Academy in 
1864. Naudin, lilce G3rmer, made crosses with several plant species, observed 
phenomena essentially on the same lines as those recorded by Knight, Goss, 
and Laxton, and proceeded farther towards constructing a hypothesis to 
guide further research and practice. Naudin’s theoretical conclusions^ which 
he. devised no new experiments to test, include two significant statements. In 
his own words these are: 

(0 That which is produced is never more than an amalgamation of forms 
already existing m the parent types. The. hybrid is a composition of borrowed 
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pieces; a sort of living mosaic of which each piece, discernible or not, is ascribable 
to one or the other of the producing species. 

(ii) All these facts an naturally explained by the disjunction of the two 
specific essences in the pollen and the ovules of the hybrid. . . . The dis¬ 
junction takes place in the anther and in the contents of the ovary. . . . Some 
of the grains of pollen belong totally to the species of the father and others to 
the species of the mother. 


THE PARTICULATE NATURE OF INHERITANCE 

It is a very short step from the conclusions established by Goss, Gartner, 
Laxton, and Naudin to those which were published (1866) by the Abbe 
Mendel in an Austrian horticulturd journal two years after Naudin’s memoir. 
Mendel’s special contribution was to bring his results—in themselves essen¬ 
tially identical with those of Goss and Laxton—into relation with the aimistic 
views which were providing an immensely fruitful basis of theoretical know¬ 
ledge for the new technique of chemical manufacture. Like the particulate 
doctrine of modern chemistry, the theory which was to provide—in a new 
social context—satisfactory guidance for biological manufacture rests on 
two experimental generalizations. In chemistry it was first necessary to estab¬ 
lish the law of the conservation of matter, which gained ground through the 
discovery that air has weight and that matter in the third state exists in 
many varieties. Then it was necessary to recognize the law of constant 
numerical proportions, and the several laws of combination by weight and 
volume. In genetics, the science of plant andjanimal breeding, analogous 
principles bold. 

What we may call the law of conservation of genetic matmak is implied 
in the fact first clearly recognized by Goss, hybrid offspring of the 
same parents of pure descent are crossed with one another, it is always 
possible to reclaim ftom their progeny individuals which breed true to the 
parental type. If the parents differ in several characteristics, these are com¬ 
bined in various ways in the second hybrid generation, and since some of 
the individuals showing each combination are capable of breeding true 
to type, new combinations of variety characteristics can be fixed. The 
particulate theory of inheritance first advanced by Mendel shows how this 
can be done. ,1 

What we may call the law of constant proportions and the several laws 
of combination which govern inter-crossing hybrids and back-crossing 
them to their parents was loosely recognized by Gartner and Laxton. Ncine 
the less, it is only fair to Mendel to recognize the very special care he took 
to establish the numerical constancy of the various classes of progeny, '^en 
the parents differed with respect to a single characteristic, he found that inter¬ 
crossing or self-fertilization of the first hybrid generation (often denoted F.l , 
which stands for “first filial”) gave dominants and recessives in the ratio 
3 :1. When the hybrids were crossed back to the recessive parents equal 
numbers of dominants and recessives turned up. The Mowing table shows 
some of the results Mendel got by crossing F.l hybrids of various matings 
inter SB, 
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MENDEL’S DATA 


Stiucture 

Property 

Dominant 

Recessive 

tatio in F. 2 

Seed 

Form 

5,474 round 

1,860 wrinkled 

2'98 :1 

Reserve material in Coty¬ 
ledons .. .. 

Colour 

8,022 yellow 

2,001 green 

3-01:1 

Seed-Coats .. 

Form 

822 inflated 

299 wrinkled 

2-96 :1 

Seed-Coats 

Colour 

706 grey 

224 white 

3-15 :1 

Unripe Pods 

Colour 

428 green 

162 yellow 

2*82 :1 

Flowers .. 

Position 

661 axial 

207 terminal 

3*14 ; 1 

Stem 

Length 

787 tall 

277 dwarf 

2*84 :1 



14,889 

6,010 

2-98:1 
or 3:1 


There is nothing sacred about these numbers. The important thing is not 
the actual ratio he obtained, but the fact that what he did obtain could be 
repeated by anyone else. Here are some results which other workers have got. 



Yellow 

Green 

Total 

Investigator 

Number 

Per cent 

Number 

Percent 


Mendel, 1866 

Correns, 1900 .. 
Tschermafc, 1900 

Hurst, 1904 .. .. 

Bateson, 1006 .. .. 

Lock, 1906 .. .. 

Darbishire, 1909 

6,022 

1,394 

3,680 

1,310 

11,902 

1,438 

109,090 

76'06 
76-47 
76-06 
74-64 
76-30 
73-67 
76-09 

2,001 

463 

1,190 

446 

3,003 

614 

36,186 

24-96 

24-63 

24-96 

26-36 

24-70 

26-33 

24-91 

8,023 

1,847 

4,770 

1,766 

16,800 

1,962 

146,246 

Totals .. .. •< 

134,736 

76-09 

44,692 

24-91 

179,399 


Mendel realized more clearly than his contemporaries that this numerical 
constancy is the due to a correct understanding of what happens when 
different strains are crossed, and he did not let the subsidiary issue of domi- 
nance-i.e. the fact that hybrids often resemble one parent to the exclusion 
of the other-distract his attention from what we now know to be the universal 
feature of hybrid experiments. Dominance is not a universal phenomenon. 
For instance, if we cross individuals from pure stocks of the red and white 
varieties of the flowering plant popularly known as/owr o'clock, or bot^c^y 
mMirabilh /a/npa, the resulting generation bear only pink 

flowers. If these FJ hybrids are selfed or crossed inter se, the resulting 
second filial (F.2) generation is composed of reds, pinks, and wktes, m the 
proportion 1:2; 1. This would correspond to the 3:1 ration if the hybnd 
types were similar to one or the other type of pure parent. 

In crosses between white and black strains of the Andalusian fowl Ae F.l 
individual produced by crossing black and splashed white birds is blue. Conse¬ 
quently the mating of Blue Andalusian fowls results iniiroducmg black and 
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white offspring. So if we wish to obtain blue individuals it is more profitable 
to mate blacks with whites, giving a hybrid generation of blues only. The effect 
of crossing the blue hybrids among themselves is to raise a progeny of blacks, 
blues, and whites in ±e ratio of 1 : 2 : 1. In this example the hybrid is 
half way between the parental pure-bred types. The inheritance of tlie white 
colour of Leghorn fowls illustrates wliat may be called incomplete dominance, 
If a white Leghorn mated with an individual of a coloured strain, the hybrid 
individuals are white with a few coloured tail feathers. Careful measurement 
of characteristics which can be assessed by numerical standards shows that 
dominance is never absolutely complete. 

However close the resemblance between the hybrid offspring of pure stocks 
and one or other of the parental types, the hereditary materials remain dis¬ 
tinct and recombine to produce pure parental types again in the F.2 genera¬ 
tion. Although we still know very little about the physical nature of dominance, 
analogy can help us to appreciate the issue in its true perspective. Sodium 
and potassium yield colourless salts with most common acids, but the per¬ 
manganates of both are purple in solution. The salts of copper are generally 
of a bluish or greenish tint in solution. In one case the negative, in the other 
the positive ion is the dominant agent determinmg the physical property of 
colour, In other respects the other component behaves in any reaction with its 
characteristic eiBcacy, although its presence is seemingly masked. So in the 
process of hereditary transmission the recessive factor retains its existence 
independently of the dominant factor. Dominance is only a matter which 
concerns their bodily expression. 

One of his experiments in which a variety of pea having a dwarf shoot, 
from a stock breeding true to this feature, was crossed with an individual 
from another variety characterized by tall shoot, likewise of pure pedigree, 
may be taken to illustrate Mendel’s hypothesis. When pollen ftom flowers 
of the one is transferred to the stigma of the other, the same result always 
occurs. Every seed produced in consequence of such a union gives rise to a 
tall plant, whichever way the cross is made with respect to the sa of the 
parents. If these seeds are allowed to germinate and grow into plants, Ae 
results of self-fertilizing the flowers of the hybrids, or, alternatively, crossing 
them with other F.l plants, is entirely different from the effect of crossing 
two of the parental pedigree tall plants. Instead of obtaining only tall plants 
true to type, it is found that three-quarters of the seed produced (F.2 genera¬ 
tion) give rise to tall plants, but one-quarter to dwarfs like one of the original 
parents. Further breeding shows that two-thirds of the F.2 tall individuals 
breed in the same way, throwing dwarfs in the same ratio. The remainder 
breed true to type like the original tall parent when self-fertilized, as do the 
dwarfs of the F.2 generation. When self-fertilized, or crossed inter je, the F.2 
dwarf plants have only dwarf offspring. 

To interpret these observations we must first recog^e that the hereditary 
constitution of the tall individual in the F.l generation differs from that of 
the tall parents, inasmuch as it is capable of giving rise to dwarf offspring. 
It differs presumably in producing gametes which contain some particle 
(without discussing its nature, Mendel called it a factor) responsible for the 
production of the dwarf condition. We notice too that the proportions of pure 
tall and pure dwarf plants are identical in the F.2 generation. That is to say, 
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one-quarter have die factor for taliticss only and one-qiiaiter the factor for 
dwarfness only, so tliat neither of the gametes from whidi an individual of 
either type originates contains the alternate factor. We must also bear in 
mind that the F.l tall plants behave in a similar manner whether they get 
the factor for dwarfness from the maternal or paternal gamete (in the ovule or 
pollen grain). Mendel drew the conclusion that each.F.l tall plant produces 
in equal quantities gametes bearing the tall and dwarf factors respectively— 
but never both; and tested the possibility that there is an equal chance of 
any pollen grain fertilizing an ovule with the same factor or the factor alterna¬ 
tive to that which it contains. 

It then follows that the number of individuals produced in the F.2 genera¬ 
tion containing both factors for the tall and dwarf conditions will be twice 
the number containing only the tall or only the dwarf factor. For, if we repre¬ 
sent the factor for tallness by T and that for dwarfness by T may fertilize 
T or giving TT or Ti; and t may fertilize T or i, giving iT or tt. This, 
of course, satisfies the conditions, and is an adequate account of the facts so 
far. Such was the hypothesis Mendel proposed (Fig. 463). Characters distm- 
guishing different hereditary strains were supposed to depend upon separate 
particles {ot factors) present in duplicate in all the cells of the body. These 
particles are what the body inherits from its parents. The members of each 
pair segregate in the formation of the gametes, so that one-half contain the 
paternal and one-half the maternal factor. 

The truth of the particulate hypothesis must stond or fall, like other saen- 
tific hypotheses, with its capacity to provide a correct recipe for conduct. 
Recipes which can easily be tested out are exemplified by crossmg back the 
FJ impure tall plants Mth (a) the pure tall parents, and (6) the plants— 
which are all pure. Using letters to denote the hereditary particles at work, 
the pure breeding taU plants and dwarfs have the constitution TT, « on the 
hypothesis outlined, since their character depends on factors inheritedfrom 
both parents; the impure plants'F.l have the constitution T< ot ti. By 
crossmg Ti with TT we should get two types of offspring TT and Ti, equal 
numbers of pure and impure tall plants. Also by crossing Ti with ii, we get 
two types of offspring Ti and ii, equal numbers of impure tall and pure 
dwarf. Mendel was not a British economist. He was a saenufic worker, 
seriously concerned with getting something done for hortiailtiire. So he 
tested and i)OT>d these and other implications. He was thus led to this con¬ 
clusion. Hcreditable differences are dependent upon separate paiticles denved 
ftom both parents, remaining distinct throughout the entire Iffe-cycle, and 
finaUv separating in the formation of the gametes, so that with respect to 
anv single pair of them one-half of the gametes contain the particle derived 
from one parent and the other half contain the particle contributed by the 
alternate parent. This is Mendel’s law of genetic segregation. , 

For the sake of convenience we may here introduce some necessary technical 

terms. An individual which like the ’‘impure” F.l tall plants receives dis¬ 
similar factors ftom its parents is said to be Mimzygm in reject ot 
those factors m contradistinction to the hormzygms (e.g. pure dwari or 
pure tall) type. The character which appears to predominate .if its material 
fpmrtmner is present in the fertilized egg, is said to be dominant in contra- 
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distinction to the recessive character, which is only manifest when both the 
gametes contribute its material forerunner. 

It must not be imagined that every clear-cut characteristic wMch distin- 



Eachcell of a pure tall pea has WQpartkks which are responsible for the difference 
between it and a dwarf one. Each cell of a pure dwarf pw hss f o.f 
responsible for the difference between it and a tall one. Mendel ^ed these p^cles 
"factors.” In the formation of the gametes, the members of each 
each gamete contains only one member of i^s_pair,_T m the 
and t in the case of the dwarf plant. Feitilization yields only one _&d of fertilized 
e* cell (Tt). This develops into a tall plant. For iWs reason T is said to be dowjmmf, 
and t recesm. At each cell division of the developmg plant, die 
So evetv ordinary cell of the hybrid contains the Tt pair of dissimil_ar factors. In the 
formation of the gametes of the hybrid, however, segregation again occurs. Hena 
gametes containing T and ones cont^g t are_produced m equal nrabers. fonto 
fertilization yields three classes of offspring—2o per cent pure tall (TT), 60 per cent 
impure tall (Tt), and 25 per cent pure dwarf (tt). 


guishes two related forms need depend on only ohe factor difference. Mendel 
was particularly fortunate in hitting upon a form in which there exist a 
number of strains differing with respect to single pm of unit factors 
Had he studied, for example, the: inheritance of lhc. ‘wtot^ 
which occurs in the Malay breeds of domestic fowl (Fig. 450), he would 
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have had a more difficult problem. The “rose” comb of Wyandottes and the 
“pea” comb of the Indian Game breeds are each dominant to the single comb 
of the Leghorn, Sussex, and Rhode Island breeds. The “walnut” comb can 
be produced by crossmg individuals with the Rose and Pea types of comb. 

A pure individual with a walnut comb crossed with an individual from a 
single comb breed would give an F.2 with walnut, rose, pea, and single combs 
all represented, because the walnut type differs from the single comb in respect 
of two pairs of factors, namely, those responsible when present alone for 
the pea and rose types. In the crosses which have been previously discussed, 
character differences in which only one pair of factors are involved have been 
deliberately selected for the sake of simplicity. In studying inheritance ffie 
geneticist often meets with apparently well-defined characters distinguishing 
two races of animals or plants which present a multiplicity of factorial 
differences. It can generally be shown that such apparent exceptions to the 
law of genetic segregation fall into line, when the data are fully analysed. 

The numerical proportions prescribed by the law of segregation are 
statistical predictions. The physical model which we take as a basis for what 
happens in fertilization is an urn with an enormous number of otherwse 
similar counters of different colours in fixed proportions. If the model is a 
satisfactory one, our conclusions must bear the scrutiny of the mathematical 
laws of combinations which describe the results of taking counters out of 
the urn. In our interpretation of a 3 :1 ratio, the assumption made is that, 
since two kinds of egg or sperm are formed in equal numbers by a hetero¬ 
zygous individual, there should be an equal chance of any egg being fertilized 
by either of two sorts of sperm (one carrying the maternal and the other 
carrying the paternal factor). Similarly it is assumed that there is an equal 
chance that any sperm will fertilize one or the other type of egg. On this 
assumption the 3 :1 ratio follows, if one of the parental characters is dominant. 

Since the assumption itself involves the idea of chance, the conclusion is 
subject to the laws of chance. Obviously we cannot get a three-one ratio 
from a litter of three kittens. In experiments on inheritance in a common 
South African species of bean weevil, Dr. Skaife crossed the dominant black 
form with a red recessive mutant, and obtained in the second cross-bred 
generation 466 individuals of which 347 were black and 119 red. For this 
number the 3 : 1 ratio of the urn model requires two classes differing from 
349-6 and 116*6 by a probable error of approximately 6. This means that 
if we were drawing counters from an um containing an immense number, of 
black and red ones in the proportion 3 : 1, it would happen less often that 
a trial of 466 selections would yield cAove 356 or helow 343 black counters 
than that the number of black counters would lie (like the nmnber of black 
weevils) within these limits. 

MendeFs investigations followed up what happens when two Merent 
pairs of characters, each dependent on a separate pair of factors, are involved 
in a cross between pure-bred parents. The actual results of a cross between 
a strain of peas with green wrinkled seeds and yellow round seeds or of 
peas with green round and yellow wrinkled seed respectively will be under¬ 
stood by referring to Fig. 454. The ratios of the double dominant, the two 
classes of single dominants and the double rccessives which Mendel obtained 
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in all his crosses was 9 :3 :3 :1, as should occur if the yellow-green factors 
and the round-wrinkled factors behave quite independently of one another. 
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vvRR The F, hybrid produced the four classes of gametes shown m equal numbers, 
ms is because the assortment of factors in segregation is random in tins case, i.e. it 
KstSelyrha” go into the same gamete as that Y will go into ihe 
s 00 p TVia rpouits of random fertilization of the four classes of * female 

™ .ho™ in 40 ch.40ri di.,™. 

Mendd formukted this result as a geuetdfestioi. sometimes town » 
MenW* Second Law. It is not, however, a law in the same sense as Mendel s 
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First Lawj of. segregaiim, which we have deduced above, for it is oiiJ.y appKc- 
able to certain cases, and as we shall see later, the exceptions are of more 
theoretical interest than due rule. Here again an analogy from chemistry will 
help. The fundamental law of chemical combination is the law of constant 
proportions. The law of multiple proportions is no more than a statement of 
certain experiences that the pioneers of chemistry encountered in dealing with 
some of the compounds that were tirst investigated. Had they started with 
the higher hydrocarbons, they would have encountered no such simple rela¬ 
tions. Both the law of multiple proportions and the second law of Mendel 
are historically important, because they helped to suggest hypotheses which, 
once stated, were broad enough to take in other possibilities. We shall leave 
a consideration of the 9 :3 ; 3 :1 ratio of Mendel’s origind experiments 
till a later stage, and now approach the problem of hybridization from a 
different point of view. 

SO-CALLED REDISCOVERY OF MENDEL’S HYPOTHESIS 

The publication of Mendel’s work produced no discussion, and if it had 
not been mentioned in a comprehensive and laborious German survey of 
the existing literature on hybridization undertaken by Focke, it is probable 
that it would have remained completely unknown, when the principles which 
Mendel advanced were restated independently by three later workers, de 
Vries, Conens, and Tschermak. They published their results simultaneously 
in 1900, and did not know of Mendel’s own work, till they had reached their 
own conclusions. To make a belated and somewhat futile reparation to a 
scientific worker whose gifts had not been sufficiently recognized by his own 
contemporaries, there then ensued an apotheosis which went so far as to 
rechristen the science of breeding. Genetics was called Mendelisra, as 
geometry had been called Euclid. ^ 

While Mendel’s contribution to the theoretical development of genetics 
was a conspicuous advance, like that of Avogadro in the theory of chemistry,, 
it had very deep roots in the social preoccupations of his period and in a large 
body of experimental results which had already been established, Jo speak 
of Mendelism and to neglect the work of men ire Koelreuter, Knight, Her¬ 
bert, Goss, Gartner, Naudin, Laxton^or others like them~is like beginning 
the history of the atom with Avogadro without any recognition of the con¬ 
tributions of Hooke and Mayow, Blaqlt and Lavoisier, Gay-Lussac and 
Dalton. That Mendel advanced the issue, as he did, is less a matter for 
comment tlian his failure to evoke any response from his immediate 

contemporaries. ^ ^ 

■ No doubt there are several reasons for the arrested development or 
theoretical genetics dririn g the ensuing generation. Among those which seem 
speeially significant two may be mentioned. One recalls the fate of Spallan¬ 
zani’s admirable experiments on spontaneous geueration. The issue had 
reached a stage when it m to hnng the^ 

the kftkvilturdlut and seedsman into closer touch with new Boratory Ss- 
coveries concerning the material hasis of inkriianci This union of theory 
and practice is what distinguishes Mendel’s contrihi^tion ftom that of his 
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predecessors. Events conspired—especially in Britain where so much pioneer 
work had been carried out on the practical side—to drive a wedge between 
the worker in the garden or orchard and the worker in the laboratory. The 
repeal of the Com Laws signalizes the lopsided development of mechanical 
technology characteristic of laissez-faire, when the restatement of the evolu¬ 
tionary doctrine, coming at the climax of the long stmggle for the repeal of 
religious tests in the Universities, became the focus of an ideological conflict 
between the cultural aspirations of the rising manufacturing class and the 
land-owning interests both in Britain and on the Continent, In both ways 
biological enquiry suffered ftom the excessive urbanization of capitalism, 
and our Universities have not yet recovered ftom the overloading of curricula 
with the preoccupations of the evolutionary controversy and the separation 
of biological tp aching ftom any relation to social practice, When the issue 
was revived, progress was most rapid in America, where large-scde farming 
was equipped with a lavishly endowed system of technical education. 

How the evolutionary controversy diverted interest from the pra^cai 
problems of horticulture into purely ideological issues is readily seen, if we 
compare Darwin’s work on hybridization with that of Laxton. Darwin did 
not advance the subject a single step forward, and he might have seen the 
Mendelian solution in his own data of Antirrhinum crosses, if he had more 
dearly envisaged how his problem affected the sodal practice of mankind, 
Mendel who saw the issue as a practical horticulturalist also saw that a 
redpe for human interference in the evolutionary process is the nec^sary 
basis for a true picture of how evolution occurs. Thus he stated explicitly! 

Those who survey the work done in this department will arrive at the con¬ 
viction that, among all the numerous experiments made, not one has been 
carried out to such an extent and in such a way as to make it possible to deter¬ 
mine the number of different forms under which the offspring of hybrids appear, 
or to arrange these forms with certainty according to their separate generations 
or definitely to ascertain their statistical relations. It requires indeed some 
courage to undertake a labour of such far-reaching extent. This appears, 
however, to be the only right way by which we am finally reach the solution 
of a question the importance of which cannot be over-estimated in connexion vnm 
the history of the evolution of organic fonns. 

The union of theoretical and practical knowledge set forth in Meadd’s 
solution was more daring than it seems in retrospect. Mendel published his 
results more than a decade before the work of Hertwig and Fol established 
the elementary fact that one sperm fertilizes one egg. Even among botanists 
the implications of the cell doctrine were still on trial. Naudin’s ‘ essences 
remind us that the older generation of botanip had not been brought up 
to discuss heredity in terms of gametes. Zoologists (see p. 844) had not yet 
begun to do so. There was little to indicate ihat Mendel’s condusions 
embodied a universal law of plant breeding and far less to suggest that they 
were universally title of inheritance both in plants and in animals. 

Plant breeding on similar lines was continued during the ensuing genera¬ 
tion by various enquirers such as Macfarlane and de Vries. When the con- 
dusiom of de Vries, Correns, and Tschermak were simultaneously announced, 
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a new interest was immediately awakened. Cuenot in France, and Bateson, 
who in England had independently and previously urged that the clue to 
an understanding of hybridity lay in the numerical ratios of the several 
types of their offspring, immediately announced the applicability of Mendel’s 
hypothesis to animals. 

It is not difficult to see how the situation had changed in the intervening 
time. When Mendel was doing his work on peas, Patrick Shirreff, the first 
notable hybridizer of wheat, had been labouring in Scotland for many years 
in a purely empirical attempt to improve cereals by selection. Shirreff refers 
to Rnight as ffie first individual in Britain known to have crossed wheat, 
and he, seems to have derived encouragement from Knight’s work. He suc¬ 
ceeded in producing various new varieties of wheat and oats, some of which 
bore his name, Knight had foreseen (p. 816) the economic results of success 
in improving cereal yield. We may go so far as to say that when Shirreff 
published his book on the Improvement of the Cereals in 1873 the need for a 
scientific basis for plant breeding henceforth affected the welfare of every¬ 
body, and more especially the future of the grain-growing states of America. 
The two decades that followed—-from 1880 to 1900—established aU the 
essential facts about the material basis of inheritance set forth in Chap¬ 
ter XVII (pp. 865-860). When Mendel issued his memoir the nature of 
fertilization in animals was not yet established, and the character of nuclear 
division in animals and plants was not even suspected. When it was unearthed 
and applied to animals, the American biologists McQung and Sutton had 
shown that the paternal and maternal chromosomes sort themselves,out in 
the formation of the gametes precisely in the way that Mendel had envisaged 
for his “factors.” 


THE CHROMOSOME HYPOTHESIS 

All that is meant by heredity must refer to the contributions wHch the 
sperm and the egg make to the new individual. Can we go farther and identify 
within the sperm or egg the material particles which enter the gametes after 
innumerable cell divisions? Can we detect the existence of anything which 
behaves as our “factors” or particles of heredity have been seen to behave? 

Hybridization experiments lead us to conclude that the particles of heredity 
are present m the fertilized egg in duplicate, and that they segregate before 
the formation of the gametes into maternal and paternal components, one 
member of each pair and one only being present in each gamete. We now 
know that the number of chromosomes of any species of animals or plants 
is twice the number present in the gametes. In many animals (and plants) 
from the most diverse phyla, the chromosome complex of a species has a 
definite configuration as well as a definite number. Among the chromosomes 
it is possible to distinguish pairs of different size^ and shapes (e.g. Fig. 421), 
and the maintenance of this constant configuration implies that when reduc¬ 
tion takes place one member of each pair passes into each gamete (p. 868). 
In other words, the chromosomes are present in the fertilized egg in pairs, 
and they segregate in the formation of the gametes into paternal and maternal 
components, only one member of each pair being represented in each gamete. 
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The identification of the chromosomes as the material basis of hybrid segre¬ 
gation immensely simplifies the deeper study of genetical phenomena. The 
most striking advances which have been made of recent years in the study of 
' inheritance are the outcome of discovering this correspondence. 

The application of Mendel’s principles to animals was first made by 
Bateson and Cuenot independently. In the same year Sutton’s work 
showed the analogy between the behaviour of chromosomes and the material 
entities which Mendel had postulated as the basis of bi-parental inheritance. 
In 1911 Morgan, MuHer, and Bridges at Columbia University, New York, 
commenced a series of investigations on Drosophila melanogaster, the fruit 
fly or banana fly. This little creature has almost every conceivable advantage 
for the purposes of genetical investigation. It is prolific. It passes through its 
entire Iffe cycle in little over a week. It is eminently viable. It is easily cul¬ 
tured, and can be fed on rotting banana skins. It has only four pairs of 
chromosomes, all recognizably different. With Drosophila one can do more 
in a year than could be achieved with cattle in several centuries. 

In the Columbia cultures more than eight hundred mutants or sports have 
appeared, and these mutants or sports, when mated with their like, breed 
true to type. Thus the interrelation of the mutant characters in their mode 
of inheritance has been studied with a thoroughness that has no parallel^ in 
genetical investigation. To illustrate the more concrete interpretation which 
the chromosome hypothesis affords, let us take a cross between one of the 
mutants of Drosophila and the pure wild type. The normal, i.e. wild typ^j 
fruit fly has red eyes. One variety which has appeared as a sport is distin¬ 
guished by its purple eyes. When a purple-eyed mutant is crossed to a wild 
type individual of pure stock all the F.l generation are red-eyed (Fig. 466). 
These red-eyed individuals, when mated among themselves, produce offspring 
of which one-quarter are purple-eyed and three-quarters are red-eyed. If we 
mate the hybrids with purple-eyed mutants, half of their offspring are 
purple-eyed and half are red-eyed. 

Let us now suppose that the purple-eyed form originally arose because a 
sudden change took place in one pair of chromosomes, The individuals of 
the first filial generation of our original cross wffl receive one chromosome 
of this pair from the purple-eyed parent and the other chromosome of the 
same pair from the wfid type parent. So the first filial generation will consist 
of individuals which possess one pair of chromosomes the two constituents 
of which ate not the same, i.e, a pair of which one member has undergone 
the change referred to and one member has not. From the result it is evident 
that an individual will not be purple-eyed unless both members of this 
particular pair have undergone the change. When reduction (p. 858) occurs 
in the germ cells of the cross-bred flies a member of this pair carrying the 
purple-eyed gene will go to one pole and to the other pole a chromosome 
of the same pair unmodified. So this pair of chromosomes wiU be repre¬ 
sented in one-half of the ripe sperm of the male hybrids by a member that 
has undergone the change and in the other half by a member that has not. 

The same will be true of the eggs produced by hybrid femdes. If fertiliza¬ 
tion occurs at random, a sperm which possesses the mutant chromosome wll 
have an equal chance of fertflizing an egg which has it or an egg which has 
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it not. For every sperm which has the mutant chromosome there will be 
one in which tliis particular pair is represented by a chromosome unmodified. 
Sperms of this type will also have an equal chance to fertilize an egg which 
has the mutant chromosome or an egg which has not, For every fertilized 
egg which gets a mutant chromosome from its mother and father, there 
will be one which gets a mutant chromosome from neither, one which gets 



Fig. i66 


DiagrBmmatic representation of the first generation of a cross between the rcd’Sy^ 
wild tjiie of tire ftuit fly and tlie purple-eyed mutant. The Y ghromoaome is shaded, 

and the chromosome bearing the mutant gene is shown m blacs. 

a mutant cliromosome from its mother only, and one which gets a mutant 
chromosome from its father only. Since an individual has purple eyes only 
if it gets the mutant chromosome from both parents, this rpakes the propor-t 
tion of purple-eyed individuals one-quartet in the F.2. With the aid of the 
accompanying diagrams you can deduce for yourself the consequences of 
other types of cross. 

Consider now a cross in which two mutant characters are involved, Wild 
fruit flies are grey in colour and the wings extend beyond the tip of the 
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abdomen. Among the sports of Drosophila are two respectively distinguished 
by dark body colour and a vestigial condition of tlie wings. As a matter of 
fact, there are several mutants of Drosophila which have a dark body colour. 
The one we shall deal with here is called ebony. When eitlier of these sports 
are crossed to pure wild type flies, the first crossbred generation are wild 
type, Mated inter se, the hybrids in either case yield progeny one-quarter 




Fig. 450 

Continuation of Fig. 455, showing the numeri*^ consequences of mating the first 
cross-bred generation of flies inter si. 


which arc of the mutant type. Both mutants are therefore recessive to the 

men the ebony mutant is crossed to the vesdgial-winged type (for brevity 
estigial”) the double hybrids of the first generation arc also uniformly 
oe fFie. 451). If sufficient offspring are bred from crosses between these 
luble hybrids! approximately one-sixteenth show botli mutant character, 
ree-sixteenths are ebony, three-sixteenths are vestigial, and mne-smteenffis 
Id tvne Figs 467 and 458 show how this numerical result foUows from ffie 
nplfa^siiption that the change which started the ebony condmon 
ewed on a different pair of chromosomes &om that on which the change 
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wliich originated the vestigial type occurred. In the reduction division of 
the germ cells of the F.l generation there will be two different configurations 
according as the mutant members of each pair go to die same or opposite 



Fig, 467.—Cross between Two Independently Assorting Characters in 
THE Fruit Fly 


Only the two pairs of chromosomes concerned are shown) distinguished by size for 
the sake of clearness and with the chromosomes bearing the mutant factors m black. 
In the lower part of the figure is shown die result of crossing the F.l fires back to 
the double recessive type. , , ^ . 

poles, and the numerical recombinations can be simply deduced by using 
3 ; chessboard diagram to show that for every set of four different types of eggs 
fejtilued by one of the four different,types of sperm there will be a corre- 
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spending quartette fertilized by each of the remaining three types of sperm. 
If the double hybrid flies are bred with the new type having both mutant 
characters, the four possible combinations will appear in the progeny in equal 
proportions (Fig. 467). 

This gives you the clue to the inheritance of the walnut comb of fowls. 
In poultry there are a large number of types of comb. The inheritance of four 
of them has been mentioned (Fig. 459). These are the rose comb of the 
Hamburgs and Wyandottes, the pea comb of the Cochins, the walnut of 
the Malays, and the single comb of the Leghorns and other Mediterranean 



Fig. 468.—Result of Mating First Hybrid Generation of Fig, 457 
inter se 


breeds. The difference between pea and single or between rose and single 
affects one pair of chromosomes only. That is to say, rose by single gives m 
F.1 all rose and an F.2 of rose and single in the ratio of 3:1. Smlar y 
with pea and smgle, pea being dominant. If pure-bred walnut-combed fowls 
m ied with tingles, the F.1 ate ail walnm the F.2 are 

pea, and single in the propoiSons 9 -.3 ;3 :1. The tes* Mom a 
OTSS betwei pme rose and pure pea. The single^ombed condition imy be 
Bkeii as the rid type, and the walnnt type has ansra by “"T* *2 
affecting two pairs of chiomosomes. A change affectog one pan by tseff 
SS pea condition, and a change affecti^ die ote pan by 

Ac ^ condition. Here, it is to be noted, both mutant changea ate 
dominant, i.e. the mutant chatacter is exhibited if only a single member of 
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the modified pair of chromosomes involved is present. You can illustrate this 
result for yourself with the aid of a diagram like Fig. 468 or 464, 

The numerical results of experiments like those of Mendel thus receive 
a simple explanation on the assumption that the chromosomes are the seat 
of tliose changes which lead to the appearance of individuals with new 
hereditable properties. Further experiments have made it possible to show 

(1) that die material particle or gme responsible for the appearance of a new 
hereditable property can be identified with a particular chromosome^ and 

(2) that it can be identified with a definite position or lorn on a particular 

chromosome. , , 

In everything about which we have concerned ourselves so far it is a 



Fig. 4B9.—Fouk Types op Comb in tub Domestic Fowl 


matter of complete indifference whether the character with which we are 
dealing is introduced from the maternal or paternal side. We also know that' 
one pair of chromosomes is unequally mated in one sex. So any change 
which started on this pair is not symmetrically distributed among the 
sexes. In Drosophila (Fig. 421) the female has one pair of chromosomes 
(the first pail or XX) represented in the male by one element (X) of similar 
dimensions and another (Y) of different shape. Thus only half the sperms 
will carry an X chromosome. Among the mutants of Drosophila there is a 
large class—more than a hundred—which do not behave like those mth 
purple eyes, vestigial wings, or ebony body colour. Crosses with wild type 
give diff^ent results according as the mutant character is introduced from 
the maternal or paternal side. 

One example of this class has white instead of red eyes. Crossed to pure-breq 
wild type (red-eyed) females white-eyed males produce offspring all of whic^ 
ate vnld tyyie, and when the hybrids are mated inter « one-quarter of their 
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progeny are white-eyed (Fig. 400). The only anomaly is that all the F.2 
white-eyed flies are males, When white-eyed females are crossed to pure 
stock wild type males, the result is more remarkable. Only the female offspring 
of the first generation are red-eyed. The males are wMte-eyed. When these 




ffies are mated iater » one-qoattet of their progeny ra 
amitet white-eyed males, one-quaitct white-eyed females,^ 
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stock, If a mutant X chromosome is present in the male there can be no X 
cliromosome to pair with it. So the mutant condition will always be exhibited. 
The mutant condition will not be exhibited by the female unless both members 
of the X pair carry tlie mutant gene. 

The phenomenon of “sex-linked inlieritance,” as this asymmetrical type 





Fig. 461.“-SEX-uNi<Er) Inheritance in Drosophila 


The reciprocal cross to that shown in Fig. 461. When pwe red-eyed males are crossed 
to whSyed females the male offspring arewhte-eyed.^d m the F.2 the red-eyed 
and white-eyed types are present in equal numbers m both sexes. 

of transmission is sometimes called, was first discovered by Doncast^ (1906) 
in moths. In Lepidoptera the male is the XX type and the female XY or XO. 
In the currant or magpie moth Abraxas, there is a pale-winged (lacticolor) 
mutant in contradistinction to the dark-winged (grossulariata) type. Don¬ 
caster set out to find why females of the lacticolor vanety are much^ com¬ 
moner than males. On breeding'he’f6und that dark-winged males crossed 
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to pale females have only dark-winged offspring, which give dark-winged 
and pale moths in the ratio 3 ; 1 when mated inter se. AH the pale moths of 
this cross are females. In the reciprocal cross only the males are of the dark 
type, and the F.2 is composed of dark and pale, males and females, in equal 
proportions. Bearing in mind the difference (p. 859) between the chromo¬ 
somes of moths and Drosophila you will have no difficulty in applying the 
inethod of Figs. 460-1 to interpret this result. An analogous type of sex- 
Med inheritance occurs in birds (canaries, poultry, etc.), as, for instance, 
in the dominant X-bome mutant gene responsible for the Wring of the 
plumage in the Plymouth Rock breed. 

Agreement between experiment and microscopic observation is also 
iUustrated by the phenomenon of non-di^‘unctm, described by Bridges in 
connexion with several sex-linked mutant characters of which our original 
mutant character (white-eye colour) will serve as an example. There appeared 
among the white-eyed mutant stock of Drosophila certain strains of which 
the females, when crossed to normal red-eyed males, gave a certain propor¬ 
tion of red-eyed males and white-eyed females, in addition to the usual 
red-eyed females and white-eyed males alone. When the white-eyed female 
offspring of such abnormal matings were crossed back to red-eyed males they, 
in their turn, gave aU four classes—red-eyed males and femdes, white-eyed 
males and females. The white-eyed ferWes behaved like their mothers, 
giving abnormal results in all cases. Certain of the red-eyed females gave 
normal and others abnormal results in crossing. Of the male progeny the 
red-eyed individuals were normal, whereas only half the white-eyed indi¬ 
viduals were normal, the remainder begetting daughters whose progeny 
was exceptional. Bridges found that in the abnormal white-eyed F.l females 
the chromosome complex of the dividing body-ceUs was also abnormal—it 
showed a Y element in addition to the XX pair. 

Microscopic observation shows that in rare drcumstances the X chromo¬ 
somes fail to separate when reduction occurs. So the ripe egg contains either 
two X chromosomes or none at all. If we represent the sperms of a red 
male as X' or Y, two additional types of individuals will result ficom ferti¬ 
lization by a Y or X' sperm respectively, an XXY or white female, and X'Y 
or red male. This accounts for the exceptional individuals in the F.l, and 
accords with the facts observed. According to whether the X elements 
segregate with respect to one another or the Y chromosome, the F.l white 
females vtiU have four types of eggs~XX, Y, XY, X. If these are fertilized 
by a Y sperm (which does not influence red eye colour) we get four types— 
(a) XXY white females, which will obviously behave in the same way, thus 
agreeing with breeding experience; (b) YY—individuals with this constitu¬ 
tion cannot Hve; (c) XYY—white males which should produce XY sperms 
so that in crossing with normal white female daughters of the XXY type, 
producing exceptional progeny, would result; (i) XY—normal white nffies, 
When the same four classes oTeggs are fertilized by an X' sperm carrying 
the red factor, four red types of offspring would residt, as follows: («) X'XX 
—a triploid female which usually dies; {b) X'Y—normal red males; (c) X'YX 
—red females with abnormal offspring; {d) X'X—normal red fenmles. Thus 
the non-disjunction of the X chromosome in the formation of the eggs of 
21 
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?4!isu: t)i the .(liiiuli;;:! iii'tlu: piut'iitul v.hitc-tycd Htock accounts for the entire 
scrie'i of cxceptioiisil gcneiic pheiioiiiena which occur in these strains. 


'ritl! CniRCiMOSOMl! MM' 

Sucli cviiknictt ciin leave very Hitle doubt about tlie candusion that the 
heliaviour of the chromoiatiiKs providcf; tlie ouiterial basis of the numerical 
|iro|M)ruoiis found in breeding exiiedments. There is now abundant evidence 
rtf the sfune Hud derived from the study of inheritance in widely dilFcrent 
tyi^s of animals iind plants pointing to the same conclusion. Other exi)eri- 
taents have made it possible to locate the changes which are responsible 
fitr particular imitaut diarartcrs on a dehnite region of a particular 
diroimsoine. 

The experimcotal results wliidi lead to this conclusion may first be jllus' 
traied by what happens in crosses which involve more than one sex-linked 
jiiutam character. There is a ydlow-bodicd mutant of the fruit fly which 
behaves, when crossed to wild stack, in a iniiimer analogous to the white-cyxd 
form, Tiiat is to say, the yellow females crossed to pure wild stock males give 
yellow males and grey females, and yellow males mated to pure wild type 
females give all grey oflsprhig. If wc cross a yellow female with white eyes 
with a pure mxk wild type mtile, the female offspring am wild type, but tiic 
males are yellow with white eyes, as wc should expect (Fig, 4M), When^hese 
rut interbred an unexpected result occurs, A small but defimt# proportion of 
yellow individuals with red eyes and grey individuals with white eyes occurs, 
fffnee the two properties arc separable we can only conclude that the same 
part of the chromosome is not involved in whatever is responsible for the 
yellow mutant on the one hand and the white-eyed mutant on the other. 
The numerical propoitions in this case are approximitdy as follows} 

Ptrmt 
,, 24«726 
.. 24*726 
0*276 
.. 0*276 

.. 24*726 
.. 24*726 
.. 0*276 

0*276 


Females: Wild type 
Yellow-wliite 
Ch’cy-wliite 
Yellow-red 

Akles: Wild type 

Yellow-while 

Grey-white 

Ydlow-rcd 


Wc can also make a cross involving these two characters in a different way, 
as when we mate a ycllovr male and a white-eyed female. The first generation 
consists of wHie-cycd males atid wild type females. When bred inter ss these 

give offspring of all four types: 

Pwmt 


Females: Wild type 
White-eyed 


.. 26 

„ 26 


Males: YeUow 
White 


24-726 

24*726 


YeUow-white 


0*276 


Wild type 


0*276 
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Inspection of the figures for the males in these two crosses shews that the 
extent (M per cent) to which die yellow and white mutant genes get 
detached when they are introduced from the same patent, is numerically 



Fro. 462.~CiossmG Over Between Two Sex-Linked Mutant Factors 

is left wmte and the Y chromosome is hooked and stippled. 

equivalent to the extent (M per cent) to which they tend to come together, 
!3iea they arc Introduced in the first place from different parents. In a fixed 
proportion of reduction divisions the two points or loci, A and B, where 
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the mutant genes are respectively located, become mterchanged in the two 
members of the X pair of chromosomes (Fig. 463). This is in agreement with 
microscopic observation. In the pairing before tlie reduction division, corre* 
sponding chromosomes become twisted, and since the split takes place 
longitudinally, appearances suggest that a crossing over of corresponding 
segments occurs. Qosely neighbouring regions are less likely to get inter¬ 
changed than regions fa^er apart. So if the gene has a definite locus on the 
chromosome, we should expect that genes located in closely adjacent parts 
would tend to stick together more often than genes whose loci lie farther 
apart. 

The consequences of this conclusion can be seen best with a diagram 
(Fig. 464). If A B C are three points on the length of a chromosome, and B 



Fig. 463.—Diagram to Explain Crossing Over Between Two Loci 
ON A Chromosome 

(1) In the cross between yellow, white-eyed female and wild-type male 

(2) In the cross between yellow male and white-eyed female. 

is intermediate between A and C, crossing over between the points A 
and C may take place in one of two ways. The lengtli on which C is located 
may be displaced with reference to A carrying B with it, or tlie length on 
which C is located may be displaced with reference to A not carrying B 
with it, The first case involves the crossing over of the loci of A and B. The 
second involves transposition of the loci of B and C. Hence if the three 
points are located in ±e order stated the number of cases in which the loci 
of A and G are transposed will be the mm of the number of cases in which 
A and B cross over and B and C cross over. If the order of A B C is not given, 
the amount of crossing over between A and C may be the sum or difference 
of the cross over A-B and B-C. 

Let us now see how this applies to the example just given. Crossing over 
takes place between the locus of yellow and the locus of white in 1 • 1 per cent 
of the reduction divisions in the formation of the eggs. There is another 
sex-linked mutant characterized by possession of wings which do not extend 
beyond the tip of the abdomen. It is referred to as mirdature. In yellow 
miniature matings which produce a very large generation of flies, the cross¬ 
over percentage (cross-over value or G.O.V.) is found to be 34*3, and in the 
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white mmiature cross the C.O.V. is 33•2. The difference !• 1 corresponds to 
the cross-over value for yellow and white. Thus the locus of white lies 
between the locus of yellow and miniature 1 • 1 units of length from the 
former and 33-2 units from the latter. This relation holds good for all the 
sex-linked mutant genes of Drosophila. So it is possible to construct, as 
Morgan and his collaborators have done, a map (Fig. 467) of the X- 
chromosome. 

Thus far we have confined our attention to one group of mutant characters 
which have their origin in changes which occur at definite loci on the X ot 
first pair of chromosomes in Drosophila, Now Drosophila has four pairs 
of cliromosomes, all of which have been mapped out on the same principle. 



33-Z% 


7^'-'C34-3% 

Fig. 464.—Linear Arrangement op the Genes 


All that we have learned about tlie other chromosomes so far is 
genes for vestigial, ebony, and purple eye are not on the first (X) pair, and that 
ebony and vestigid are not on the same pair. Besides ebony there is 
dark-coloured mutant which is referred to as black. When a blad fly 
with vestigial wings is crossed back to the wild parent stock, the F.l mm- 
viduals are grey with long wings as in the ebony vestigial cross (Fig. 4 dd, 
right), If the F.l males are mated with females of the black vestigial t^e, 
the entire progeny are either grey with long wings or black with vestigial 
wings (1:1). A different result is obtained in the F.2 generation of a emss 
between a black mutant with normal long wings and a: grey fly with yesttg 
wings (Fig. 465, left). As before, the hybrid progeny are grey with long 
wings. If these F.l males are crossed back to the black vestigial femdes, 
half the offspring are grey with vestigial wings and h^ of them are blacK 
inn(T winffs Thft rfisulci of both Gcosses can be interpreted as betore, 
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Vi,; Si '.in.nc Oi.tt we are dealing with mutant genes tated on the same 
i* t ii'i>»!iiO'.on!eH. 'i'his eondusion is reinforced by further esperiments, 



fj 



I'Ki. 4flrh--IaKKA0E m A NON“Sli^LlNK,ro Ckoss 

S tfai uf I'tttb-uwMtig to the double recessive /(.wif, the mo/e offspring of a itec* 
X mmd mating. The region of a chromosome containing a black im Is abowo 
m biat,k, the pint ctmtaiiiing a vemiial gene is shaded, and the pans conttddng to 
Kciiw for AT. V wid lorn m left white. On to left tlic black and vestigial gem eitow 
iitirts sipposue i'»retii.s, and on the right they came in together. In mating to iwu«a 
limn either ernss with the double recessive female, tlie original linkages appear tia- 
silicrcd in Utc offspring. Compare Fig.idO, 

If mated of crossing bade the F.l niiles to the double teewiw femali% 
wftffiitotbcrcdptoraiitotiisgof the Fi females to the double recc^rei^ 
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type, the result is slightly different. What happens when both the recessive 
genes (black and vestigial) are brought in from the same parent, is that 
the back cross of the F.l females to double mutant males produces 41-6 
per cent black vestigial and 41-5 per cent |;rey long, together with 8*6 per 
cent black long and 8*6 per cent grey vestigial. If the F.l females of a cross 
in which only one recessive gene is introduced by each parent (Fig. 4()f)) 
are crossed back to the double recessive male, the progeny, instead ol being 
CO per cent black long and 60 per cent grey vestigial, are 41-5 per cent 
black long and 41*5 per cent grey vestigial, together with 8'6 per cent black 
vestigial and 8*6 per cent grey long. The numerical results can be esplauied 
by saying that in approximately 17 per cent of reduction divisions in the 
female a crossing over occurs between the two parts of the chromosome on 
which tlie two mutant genes respectively occur. 

This conclusion can be tested by the method already applied to white 
eye, yellow body, and miniature wing mutants. The^muhrat with purple 
eyes is a simple recessive to the nonnal red-eyed condition. The mutant with 
the bent-up “curved wing” is a simple recessive to the normal long-wmgcd 
condition, In a cross between individuals involving the vestigial and cuiwed- 
wing characters Ae cross-over percentage of 8 • 2 was based on a generation or 
1,861 flies, The cross-over value for tlie purple and curved genes was 19-9 
based on a generation of 61,3(11 flies. The expected cross-over between ves- 
tlgiil and purple genes would tlierefore be 19 > 9 ± b' “ 28 • 1 or 11 ■ 7. In 
an actual espeiimcnt in which 16,210 flies were reared, the cross-over value 
between purple and vestigial proved to be 11 • 8. The cross-over value for black 
and purple ia 6‘2, based on a generation of 61,967 flies. The expected cross¬ 
over value for the black vestigial cross would therefore be 6'2 ± ITS - ,is 
or S'6, In an actual experiment, based on 23,731 flies, the value 17*8 was 
obtained, To add yet another case in which the interrupted wing vein 
character, known as “plexus,” was investigated, the cross-over value for the 
purple and plexus factors was 47*7, based on 360 iiics. The expected value 
for plam-btock woold ttas be fl.7 ± i.e. 83'0 or 
aparitamt, involving 2,« Ilia, the mss-ovM percentage tra found to 
be 41'9, So we on airangc another gionp of mutant genes in 
order on one of the remaining three pairs of die chtomosomea of *e» Ay. 
The locus of purple lies between the loci of black and vcsugial about twelve 

om in the female. Members of different groups behave m a manner analo¬ 
gous to the ebony-vestigial cross, i.e. they show “free assortment in se^c- 

Mdon. Thra dm number of /«k« poups cottesponda to the number 
rf pair, of ebtomosomer, and of these four groups one, “ 

be identifled with die small ''fourth” pair of chtomoioines m Dtos^Ma 
on account of abnormal generical results obtained m aossing te m wto 
one member of this pair of chromosomes was found to be absent. Recently 

* The sign ± in this context means that to apected cross-over value exceeds 
(+) ot falfiort ( -) of the preceding figiue by tlie amount stated. 
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Puimett has shown the erastence of seven linkage groups in the sweet-pea 
which has seven pairs of chromosomes. So the arrangement of the genes 
in linear series has been shown to hold good for the sweet-pea. Considerable 



Fig. 466.--CROSSING OviiE IN THE Black-Vestigial Cross 


Here iht female FI of a black X vestigial mating are crossed with die double recessive 
mle.'Tht original linkages are broken by crossing over in the formation of 17 per cent 
of the eggs, Chromosome conventions as in Fig, 466. 

progress has also been made towards a chromosome map of maize and the 
Chinese Primrose. 

The results obtained with experiments on the fruit fly apply to a wide 
range of living creatures. When Mendel’s principles were first rescued from 
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obscurity, few, if any, biologists would have been so bold as to assert that 
they apply to all types of heredity, and the majority were only willing to 
concede grudgingly a restricted vahdity to the Law of Segregation. Many 
continued to speak as if there were two sorts of inheritance, Mendelian and 
non-Mendelian. Every year since the beginning of this century has witnessed 
a wider extension of die principle which Mendel first announced. 

At one time a great deal of confusion arose through the use of the mis¬ 
leading term “unit character" A single clear-cut anatomical difference may 
involve one or many genes. There is no relation between the magnitude 
of the one and the extent of the other. The inheritance of the walnut type 
of comb in the domestic fowl illustrates a clear-cut character difference which 
involves two mutant genes. If a character difference involves two mutant 
genes on different pahs of chromosomes, we should expect nine instead of 
four distinct types in the F.2 generation, if there were no dominance, and the 
analysis of this result would not be at aU obvious at first sight. If three 
dominant or recessive genes on different pahs of chromosomes determine 
a single character difference, the F.2 individuals would fall into one class 
with all three dominant characters, three classes with two dominant characters, 
three classes with one dominant character, and one class with no dominant 
characters in the ratio 27:9 :9 :9 :3:3 :3 :1. If neither member of any 
of the three pahs of characters shew dominance the number of classes will 
be twenty-seven instead of eight. 

So extremely complicated cases may arise, when only a few genes are 
involved in the inheritance of some discrete anatomical or physiological 
difference distinguishing two strains. If only four genes on different pahs 
of chromosomes come into play, and none is dominant to its alternative, the 
number of classes in the F.2 is 81. Even so, we have only exhausted a small 
fraction of problems that present difficulty at fimt sight. The successful 
analy sis of such difficult cases justifies the confidence which Mendel’s 
principle now enjoys. 

APPLICATION OF GENETICS TO HUMAN ECOLOGY 
■ In the absence of definite knowledge about hereditary transmission the 
improvement of stock and seed-producing crops was accomplished by in- 
breeding and by artificial selection. Individuals with the selected character¬ 
istic were propagated by repeated mating of dose relatives having the same 
characteristic. If this is carried on for many generations pure lines of homo¬ 
zygous individuals can be established. What could only be achieved by a 
long process of selection and inbreeding can now be brought about by 
systematic testing in two or three generations. The difference between the 
two methods can be illustrated by taking an example analogous to comb 
uffieritance in poultry (p. 982 and Fig. 459). 

In rabbits two varieties. Blue Bevran and Chocolate Havana, are dis¬ 
tinguished by the slate and reddish brown colour of thefrir. Ifpure individuals 
of both types are crossed, the hybrid is black. When the black hybrids are 
mated with one another four colour types of offspring are produced, namely 
black, blue, chocolate, and a fourth whose pale silveiy coat is called “lilac.” 

21 * 
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'I lie i'aiii ilml ihcH‘ liio I'aur lypuy shows that we arc dealing with two mutant 
geiu;H. One rcccMivc j'onc (/?) makes blaek fur siute-bluc, die other (c) makes 
Rick iur bi\nvii, boili together make blaek fur lilac. 'I'he F.l hybrids 
receive b iivmi their blue and c Irom tlieir chocolate parents mspedvely. 
They have neither in duplicate. So ii'b and c are assumed to be recessive, the 
l-.l iiybridci should be black. All the po-ssiblc genetic types which may occur 
may be reprcscnteil in the letter symlKils thus: 


lllick .. .. KH CC BB Cc 

Bb CO Bb a 

Blue.bb CO bb Cc 

Olweolatc ,. .. BB cc Bb cc 

I.ilac .. .. bb cc 


Suppose now that black rabluts had Ren produced for the i'irst time by 
erossmg the Blue Bevrau and Chocolate Havana. The fancier or furrier rtf' 
the old schirol would iirsi mate the 1-M black hybrids inter re. About 1) out 
of every ItS of tlicir olhpring would he Wad and these would include ail 
dm four “genotypes" indicated above. 'I'hcrc will therefore be 10 types oi 
poasibic matings of black litter mates as indicated in the ensuing tabic. 



Wi t:{; 

Eli tk 

lib a: 


BB CC 

(i) 

(ii) 

(iii) 

(iv) 

BB Cc 

(v) = (ii) 

(Vi) 

(vii) 

(viii) 

Bb CC 


(X) (vii) 

(xi) 

(lii) 

Bb Cc 

(aiii) (iv) 

(xiv) (viii) 

(xv) (xii) 

(*vi) 


Ci' diese ten types only one BB CC X BB CC wiU yield oflspring whkh 
will inlallibly breed true to type by continued mterbteeding. If he relies on 
inbreeding to get a pure stock the breeder has to go on breeding blnGlc 
brother to black sister, rejecting parents which throw Mue, chocolate, 
lilac dfspring, dll one of the stocks has been observed to produce no throw¬ 
backs for several generations. After about twenty pcratkms this result 
usually have been achieved. Selective inbreeding is m exwedingly wasteful 
way of getting it, became there is a simple way of deciding to which gaoiyipc 
an F.ii bkek hybrid belongs. By making a chess board diagram (see Fig. mjt 
you will sec that when mated to lilac (bb cc), 

BB CC gives progeny all black ^ ^ 

BB Cc gives progeny 80 per cent black and fiO per ciait chocoiatti 
Bb CC gives progeny 60 per cent black and 60 per cent blue 

Bb Cki, gives progeny 26 pa emt black* 26 per c<mt 

26 p« cent blw^ and 26 per cwnt lilac. 
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So if each Fd! hybrid black is mated once to a lilac mdividual the production 
of an al black litter makes it almost certain that it is a pure black (BB CC). 
The odds are at least 127 to 1 in a single litter of seven and 4,095 to 1 if two 
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successive all black litters of seven are reared. At one step we can therefore 
determine which of the F.2 hybrids are pure stock, and so achieve the result 
required in the second generation from the original cross. 

You will also see that there is no need to inbreed twenty generations of 
lilac rabbits to get a pure stock. AH lilac rabbits must be pure, since they are 
double recessives. If we had started, knowing only the black and lilac colour 
varieties, we should, of course, get the same result in the F.l and F.2 of a 
cross between lilac and pure black. Some of oiu blue and chocolates would 
be impure. If we wanted to build up pure stocks of either we could test the 
blues and chocolates for further use by mating to lilac, when 

BB cc would give all chocolate 

Bb cc would give 60 per cent chocolate and 60 per cent lilac 

bb CC would give all blue 

bb Cc would give 60 per cent blue and 60 per cent lilac. 

This is an exceedingly simple example of the practical application of genetic 
principles. The fact that thirteen genes which affect the growth of the pollen 
tube are now known to be involved in the phenomenon of seff-sterihty m 
cherries will help you to get a picture of the scope of modem genetical resemch. 
Just as he can combme the genes of varieties with pea and rose comb to 
produce a pure walnut and single comb stock of poultry, or the genes for blue 
and chocolate to get a pure stock of black and lilac rabbits, the modern 
geneticist can combine the genes responsible for high resistance to a parasite 
(e .g. virus or rust) and for high yield of fruit, or for high yield and high bakmg 

^ An^ng^e first achievements of this kind were Biffen’s rast resistant 
wheat called "Little Joss” and his later "Yeoman” wheat with good^yield 
and “hardness,” i.e. good baking quality. American geneticists have produced 
good strains of beans which are resistant to a ‘‘mosaic” (virus) disease. 
Salaman has produced a potato immune to wart disease. Cotton growers m 
the Sudan are now using a strain which has been built up for resistance to 
tlic vims disease “leaf curl.” Curly Top is a virus disease of beet, mainly 
confined to the United States, which has a very disastrous effect, and m some 
parts of the country has put hundreds of thousands of acres out of cultivation. 
The United States Department of Agriculture has now produced two resistant 
(not immune) varieties which aUows deserted areas to be replanted. ^ 

An important technique which is coming into use is the method ot crossmg 
a cultivated sixain of high yield with a local wild variety which is suited to 
local conditions. In this way the genes which make a aop res^tant to M 
diseases, climatic or soil conditions can be combmed with proactive 
capacity. In applying tins metiiod a spectacular result was recentiy adueyed 
in Tava, where a mosaic disease threatened the sugar mdustry. On crossmg 
the cultivated sugar-cane to a local wild type with high immumty, a new 
variety mmed up. The following remarks by Sir J. Russell illustrate how 
existing social machinery uses the bounty which saentific knowledge makes 
possible: 

“One could dilate” said Sir John, “on the achievement of the Dutch in 
Java, in producing their new sugar-cane which quadrupled the output and so 
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lowered the price of sugar that the West Indies are in terrible distress, the 
sugar-beet mdustry of Great Britain is threatened, and all Europe would be 
in trouble but that they artificially keep out the new sugar.” 

One important conclusion which emerges from the contribution which 
genetics can make to the evolution of the human ecological system is that 
the possibilities of economic self-sufficiency in restricted geographical ar(^ 
are increasing daily. Scientific chemistry has made Toledo steel and Castilk 
soap anachronisms. Scientific bioteclinology is making the cow and 
the Cheddar cheese anachronisms. It would hardly be too much to say that 
we can foresee only one limit to the evolution of productive and ornamental 
varieties of and plants which are adapted to local conditions. The 
great obstacle to progress in biotechnics is the lopsided development of 
mechanical stience imposed on us by industrial capitalism. 

EXAMPLES ON CHAPTER XXI 

1. A purple-eyed mutant of Drosophila crossed to pure wild stock which 
has red eyes, always gives offspring aH red-eyed. In one experiment the hybrids 
were mated inter se and gave offspring 107 red-eyed and 38 purple-eyeffi 
Interpret this with the aid of a diagram. How would you test the genetic 
constitution of the red-eyed animals? 

2. A fruit fly with vestigial wings and ebony body colour is crossed to wild 
type. The F.l flies are back aossed to the double recessive (ebony-vestigial) 
and tlie result is: 

wild type 32 
ebony (normal wing) 29 
vestigid (grey body colour) 30 
ebony vestigial 31 ^ 

Interpret this result with the aid of a diagram. What would be the result of 

mating the wild type in the last experiment tear sg ? _ 

3. All the F.l generation of a cross between a fowl with single and a fowl 
with walnut comb (pure bred) have walnut combs. Back crosses of walnut to 
single gives tlie following: 

walnut comb 73 
rose comb 71 ' 

pea comb 74 
single comb 75 

Interpret this result by means of a diagram. What would be the result of 
mating those with walnut combs inter sa? _ 

:4, The white plumage of leghorn poultiy is dominant to roloured, feathered 
shanks is dominant to dean, and pea comb is domin^t to single. What would 
be the result of back aossing the F.l of a pure white, feathered, bird wim a 
pea comb and a black, dean, bird with a single comb to the triple recessive?^ 

6, A race of black rabbits mated to lilac gives black hybrids which, when 
mated to their lilac parents, yield black, blue, chocolate and lilac offspring m 
approximately equal numbers. Four black offspring of black hyM parents 
behaved as Mows. Buck A crossed with a lilac female had one survivmg 
offspring which was lilac. When crossed with Doe B, the same buck sired three 
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successive littersj including in all 13 black and 3 blue offspring. With Doe C 
it also sired three litters including in all 6 chocolate and 13 black offspring. 
With Doe D it sired only black offspring in four successive matings. Interpret 
these data, giving the genetic constitution of the four individuals. 

6. A Yellow male mutant of Drosophila crossed to wild type (grey) females 
always gives grey offspring. A yellow female mutant crossed to pure-bred wild 
type mde has offspring half of which are grey females and half yellow males. 
Interpret this result witii the aid of a diagram. What will result if flies from each 
of the F.l are mated inter sei 

7. Barred plumage is a sex-linked character of the Plymouth Rock breed 
dfiminant to the black of the Ancona breed. A black Ancona hen is crossed 
with a Plymouth Rock cock and the F.l males are crossed back to the mother, 
the F.L females being crossed back to the father. What are the results obtained? 
What would be the result of an analogous experiment m which tlie reciprocal 
cross was the starting point in the parental generation. 

8. White eye is a sex-linked recessive in Drosophila. White-eyed females are 

crossed to wild type males and the F.l flies are mated inter se. What is the result 
in the F.2? How would you test the constitution of each of F,1 females without 
the use of white-eyed males? j 

9. Interpret the following experiment on Drosophila hybrids with the aid 
of a chromosome diagram: 

Pure stock sable male by Pure stock wild type female gave only wild type 
offspring. These hybrids when mated inter se gave offspring as follows: 

wild type males 146 sable males 166 

wild type females 306 sable females 0 

What results would you expect in the reciprocal cross? 

10. Interpret the following experiments with the aid of a diagram: A pure 
wild stock of male Drosophila was crossed to the mutant white-eyed stock, 
and its progeny when mated inter se yielded a generation composed of: 

white-eyed females 76 white-eyed males 73 

wild type females 6& wild type males 68 

With another white-eyed female the same type of experiment was carried out 
and the second generation was composed of: 

white-eyed females 97 white-eyed males 46 

wild type females 91 wild type males 93 

11. Construct a dia grammatic solution of the following problem : 

. In Drosophila vermilion eyes are referred to a sex-linked recessive mutant 
from the red-eyed wild stock. Certain vermilion-eyed females have vermilion- 
cyed male and female and red-eyed male and fe^e offspring when aossed 
to wild type. These females have a Y chromosome in addition to the normal 
XX group. How would you test their offspring in a ctoss wiA red-eyed males 
to detect differences in genetic constitution of outwardly similar individuals? 

12. Yellow (body colour), vermilion (eye colour) and sable (body colour) 
are sex-linked mutants of Drosophila, A yellow vermflion male is crossed to n 
wild type female, and the female offspring crossed to a wild type male. The 
result is: 
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wild type females 120 
yellow vermilion males 38 
wild type males 42 
yellow males 21 
vermilion males 23 

A yellow male is crossed to a sable female and tlie female offspring crossed to 
wild type males. The result is: 

wild type females 144 
yellow males 64 
sable males 62 
yellow sable males 8 
wild type males 6 

What would be the result of crossing tlie female offspring of a sable vermilion 
female and a wild type male to wild type males? 

13. Two dark-bodied strains of Drosopliila were homozygous for vestigial 
(i.e. both strains were vestigial). When crossed together these strains gave 
vestigial wing and grey body (wild type). Each of these strains was then crossed 
to wild type and the F.l males back crossed to their own double recessive 
parent, The results were as follows: 

Strain A. 

dark body 23 
vestigial 21 
dark body vestigial 20 
wild type 26 

Strain B. 

dark body 0 
vestigial 0 
wild type 76 
dark body vestigial 81 


Interpret these results with the aid of a diagram. r , , i. j 

14. A laboratory worker forgot to label new culture bottles of dmk-body 
and vestigial used in the previous examples. In order to rectify this, m^es 
from each were crossed to wild type females and the F.1 males were tiien 
crossed back to respective double recessives. The temperature relation of 
the incubator went out of order, and the temperature rose to a very high level, 
billing the parent flies in both and one of the cultures. The other culture 
yielded two flies only, both of which were dark-bo&d withnormd wings. ^ 

^Use this information to identify your unlabelled cultoCs, givmg reasons. 
Supposing these flies had been dark-bodied with vestigial wings could he have 
labelled his bottles? Give reasons, _ 

16. lUustrate the principle of the linear ahgnment of the genes by means o 
the following experiments on Drosophila mutant. («) Female offsprmg of 
vestidal X black back-crossed to the double recessive male pve: 


wild type 87 
black vestigial 91 


vestigial 416 
black 421 
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(b) Female offspring of vestigial-purple back-crossed to the double recessive 
male gave: 

vestigial 330 wild type 44 

purple 325 purple vestigial 42 

(c) Female offspring of black-purple back-crossed to the double mutant 
male offspring gave: 

black 464 wild type 28 

purple 488 black purple 32 

18. In a cross between the yellow-bodied mutant and a male of the vermih'on 
eyed mutant stock of Drosophila the F.2 generation produced by mating the 
hybrids inter se was as follows: 

yellow females 103 
wild type females 98 

vermilion males 66 
yellow males 64 

Explam tins result with a diagram, and determine the probable percentage of 
the Mowmg types: i- av w 

wild type male and femalej 
vermilion, yellow male and females 
vermilion male and femalej 

17. A black purple vestigial female was crossed to a wild type male, and the 

black purple vestigial 105 
wild type 104 
black 6 

purple vestigial 8 
' black purple 15 

vestigial 17 

black vestigial 1 1 , , ,, 

purple 1 J crossover) 

la^ra this b, means of a diagram. Note the amah number of double cross- 
to be S6 X chromosome yellow was found 

female, were cro,«rd to wild type nmle., He 


wild type males 36 
vernulion-eyed yellow¬ 
bodied males 33 
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wild type females 105 
wliite miniature males 37 
yellow males 34 
wild type males 1 
yellow wliite miniature males 1 
yellow miniature males 20 
wliite males .19 
wliite yellow males 0 
immature males 0 

What is the order of genes concerned? What conclusions could you draw if 
tliere had been no yellow white miniature, no wild type, no miniature, and two 
yellow whites. 

19, A black vestigial strain in Drosophila was crossed to wild type, and the 
offspring were found to be all wild type. The F.l females were mated singly: 
with single black vestigial males and two cultures gave the following result; 

Culture 11 

black vestigial 80 black vestigial 57 

wild type 82 wild type 104 

black 11 black 11 

vestigial» vestigial 25 

Interpret tliesc results with the aid of a diagram, and .state what experiments 
you would set up to prove your hypothesis, You may assume that animals 
suitable for mating were retained in both cultures. 



PART V 

The Conquest of Behaviour 


“In this search for information about myself from eminent 
thinkers of different types, I seem to have learned one lesson, 
that all science and philosophy and every form of human speech 
is about objects capable of being perceived by the speaker and 
hearer, and that when our thought pretends to ded with the 
subject it is really dealing only with an object under a false 
name. The only proposition about the subject, namely I am, 
can never be used in the same sense by any two of us, and 
therefore it can never become science at all.” 

JAMES CIERK MAXWELL 






CHAPTER XXII 

ANIMAL MAGNETISM 

or 

The Telegraphy oj the Body 

Modern society depends for its day-to-day existence on a large corpus of 
organized and recorded knowledge. Much of it has come into being during 
the past two centuries. In this sense it is true to say that the pre-eminence of 
the scientific outlook is characteristic of our own civilization in contradis¬ 
tinction to the civilized societies of antiquity. The Mest use of science for 
human weU-being will only be possible when our knowledge of material 
resources is supplemented with genuine scientific Imowledge of human needs. 
If we possessed such knowledge^ a concluding section of this book dealing 
with the story of man’s Conquest of Behaviour might be entitled to more space 
than two remaining chapters. The little that can be said at this stage has little 
relevance to the most pressing problems of man’s social relations and to his 
future. What importance it has lies less in showing us how to solve problems 
of human conduct than in suggesting how they must be stated, if we hope to 
get an intelligible answer to them. Along the short road which we can traverse 
as yet, there are no conspicuous milestones of progress. All tliat we cap. hope 
to see are a few legible signposts pointing ahead of us. The legend they bear 
is The Scientific Outlook 

At any stage in the story of science conspicuous advances depend on the 
coincidence of a variety of circumstances the effects of which reinforce one 
another. There must be economic provision for the livelihood of the in¬ 
vestigator and the social apparatus for mamtaining a necessary minimum 
of literacy and continuity with past experience. Natural and social agencies 
must conspire to force a certain class of problems on the attention of a 
sufficiently large number of people with the requisite access to pre-existing 
sources of knowledge. The social structure must be sufficiently plastic 
to allow powerful social groups to reap the advantages of new discoveries 
and make provision for rewarding tliem and encouraging them. These 
are conditions of scientific progress common to ancient societies and to 
our own. Today, as in ancient times, scientific enquiry attracts the largest 
emoluments, enlists the largest reserves of ability, and secures the most 
favourable opportunities for large-scale tests of the truth of its hypotheses 
in departments where socially fruitful discoveries are being made. In ancient 
times, as now, great activity in one department of knowledge generaBy leads 
to incidental discoveries destined to become the keystone of new sciences 
in a different social context. Such incidental discoveries are the present sub¬ 
stance of a science of behaviour. 

Two features specially distinguish the relation of knowledge to social 
organization in modem and ancient civilization. One is that universal educa¬ 
tion increases the tempo of discovery and diminishes the danger of colossal 
wastage which accompanied the destraction of a civilization in ancient times. 
The other is that we are becoming aware of the social conditions which 
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guarantee the continued progress of human knowledge. In earlier societies 
the restriction of education to a small caste limited the application of dis¬ 
coveries to a restricted context, and chedted the co-ordination of technical 
advantages inherent in different local practices. In the caste-ridden societies 
of antiquity the encouragement of discovery was therefore local and sporadic. 
Had tire discovery of artificial fertilizers been made in the Alexandria of 
Erasistratus there would have been no system of American agricultural 
colleges and primary schools to diffuse the new Imowledge over half a conti¬ 
nent in a single generation. It would have been impossible to enlist an 
organized world-wide body of trained workers to develop it farther. 

Scientific research, endowed from a variety of sources, now embraces a 
much wider field of interest. The work of scientific investigators employed in 
Government or industrial laboratories, in universities and technical colleges, 
is co-ordinated by a world-wide medium of intercourse through specialist 
journals in which discoveries are made public. Scientific research thus begins 
to assume the aspect of a separate social institution. While it still has external 
relations to navigation, to manufacture, and to husbandry, it has internal 
characteristics. Its internal characteristics arise partly from the immediate 
effect of discoveries made by one group on the problems which other groups 
of scientific workers can undertake, and partly from the sodalMuence which 
scientific workers collectively exert on the policy of public education. 

In studying the social background of scientific discovery, our perspecdve 
therefore changes as we approach the present century. In ancient times 
everyday work in fields, in mines, in military defence^ and in ships at sea 
fiimished the raw materials of any organized body of recorded knowledge; 
and immediate social needs supplied the incentive for any special encourage- 



Tasks carried out in scientific laboratories are now an increasingly important 
part of the world’s everyday work, and they supply the clues which lead to 
new branches of scientific knowledge. Intelligent anticipation of useful 
applications encourages research which is not directly prompted by new 
or urgent social needs, so the tempo of discovery in new fields of research 
depends less on the external demand for its applications and more on the 
external demand for scientific knowledge of other kinds. 

This is specially true of scientific knowledge about the sense organs, the 
nerves, the duedess glands and their tdsdom to hehaviour. Before the 
beginning of the nineteenth century what little we knew about sensation m 
animals was circumscribed by the five senses of'introspective philosophy. 
We knew next to nothing about how our nerves control digestion, balancing, 
the act of breathing or the blood supply to the tissues, and nothing at all 
about the kmomioi chemical messengers of thfe body^Apart from a few 
minor applications in surgery, the knowledge We now possess does not yet 
Muence die practice of medicine or agricifiturc, and new problems of 
public health or of animal husbandry hat^(|^spi(|^^ the search 

for new information. The problems wlui i»ife .disiitid(km this chapter 
have excited the interest of the medi^ from tiiie immemorial. 

Until the beginning of the mneteentiii^ntuj7,gd^eing kn(j|dedge in other 
fields of science had not provided the ilcessa^jjD^m^nts thenit 


Elsewhere our narrative has kept close to discoveries which have been, 
or may well be, instrumental in creating amenities which minister to common 
human needs. Scientific Itnowledge also mfliiences die social practice of man¬ 
kind when it comes into conflict with vested interests in forbidden topics. 
The problems of animal behaviour with which we shall now deal are signi¬ 
ficant in this way. Between die trial of Galileo and the controversy provoked 
by the writings of Darwin no major conflict between science and superstition 
had arisen. In France and Italy the Catholic Church retreated unobtrusively 
to a more advantageous position by condoning the latitude permitted by their 
Protestant neighbours. The intellectual ferment which followed the trial of 
Galileo called for a face-saving formula, and a face-saving formula was forth¬ 
coming in the writings of a Catholic mathematidaa. The new deal of Descartes 
satisfied Catholic statesmen, Protestant theologians, and the personnel of the 
new academies by fixing the boundary between faith and reason where there 
was no imminent danger of a frontier dispute. 

The Cartesian compromise relinquished the Pauline distinction between 
terrestrial bodies and celestial bodies which had lately presided over chemical 
reactions and human respiration. The spirits of the retort were repatriated, 
and the universe of rational discourse was partitioned between souls and 
bodies. Souls, being eligible for salvation, were the concern of the Church 
sustained by moral philosophy as its customs official. Bodies, which include 
dead matter, the brute creation, and the human frame, were to be the province 
of natural science. Since the brute creation is not eligible for salvation, the 
actions of animals have no intrinsic moral value, and require no Cartesian 
soul to supervise them. How tliey behave is fair game for the naturalist, 
who can gain second-hand knowledge about what decides their actions by 
using his eyes, ears, and hands. In contradistinction to this second-hand 
knowledge of bodies, Cartesian teadnng ako recognized a different and 
higher sort of knowledge, with which moral, philosophy sustains conviction 
in revealed truths, tiuman actions which have morri value are decided by 
the Cartesian soul. We can get first-hand knowledge of the way it works by 
shutting our eyes and keeping quiet. As far as science is concerned, the 
Cartesian soul was a forbidden topic. 

The controversy over Darwin’s teaching therefore raised issues of much 
wider interest than the literal trath of a Hebrew narrative. Bishop Wilber- 
force and his supporters saw which way the wind was blowing before the 
Dment of Man set forth the affinities of the human species with other 
animals. If the basic ingredients of man’s intellectual activities can be 
traced to the sodal behaviour of gregarious apes, the old familiar landmarks 
between the proper sphere of scientific observation and the parish of moral 
philosophy disappear, and their respective claims must be judged by their 
■fmits.'' ' 

" Some time elapsed before the implications of Darwin’s doctrine were fully 
realized by his own supporters. There were foolish controversies between 
partisans who asserted tiiat “mind” has evolved from “matter” and others 
who said that matter has evolved under the guidance of a universal mind, 
opposing factions floundered in a morass of abstract nouns with no agree- 
mmt alx)Ut tbw meaning. Their disputes could have no practical outcome, 
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because sdenlific enqiiiiy is not concerned with the distinction between 
mind and matter. It deals with a changing world in which we recognize 
characteristic patterns of behaviour and label them with appropriate adjectives. 
When we have done so, we add nothing to our previous information by 
transforming one part of speech into another. We may, for instance, dis¬ 
tinguish the automatic activity of a cash register from the intellectual activity 
of the cashier; but, when we have done so, nothing is gained by saying that 
one is “caused” by its automatism, and the other is “caused” by his intelli¬ 
gence. So also it may be useful to distinguish the conscious behaviour of a 
man when he is talldng to a friend fiom his unconscious behaviour when 
he is walking in his sleep, or to distinguish his mental behaviour when he is 
writing a book from liis material behaviour when he is falling off a ladder. 
We lose our grip on the essential fact that we are talking about a man, 
when we say that we are studying consciousness or unconsciousness, mind 
or matter. 


WHAT IS MEANT BY ANIMAL BEHAVIOUR 

In this broad sense of the term everything which has been dealt with in 
the last few chapters is part of the study of how living creatures behave. 
Behaviour is generally used by biologists in a more limited sense, ’more 
especially to call attention to a class of characteristics which conspicuously 
distinguish animals from plants or non-living things. 

One obvious characteristic of an animal as such is its great reaciwity. ft 
is changing its shape, its position, its hue, its texture, continually and rever¬ 
sibly, Often these ct^ges can be traced to relatively insignificant events in 
its surroundings, and its great receptivity to slight changes in its neighbour¬ 
hood is another characteristic which distinguishes it from a relatively 
complicated man-made machine. A flash of light, a draught of cold air, a soft 
sound, or a slight jerk which would have no effect on the motion or appear¬ 
ance of a motor bicycle may have drastic effects on a racehorse. Knowing 
how to control an animal is therefore vastly more complicated than knowing 
how to control a single maclime. A far better metaphor would be a deserted 
factory with a variety of machines and generators, radio equipment, telephone 
and lighting arrangements. The problem of animal behaviour is to find out 
where the switches and self-starting devices are placed, where the fuse boxes 
are located, how the wires are connected, and what sort of work each machine 
carries out. 

The active responses of animals are carried out by different parts of the 
body. The organs associated with the various types of reactivity which 
toials display are collectively called effector otgm. The three most common 
are; (a) muscles which execute the mechanical movements of. talking and 
walking, peristalsis (the squeezing of food along the giit) or the beating of 
the heart; {b)glands ssiUch produce ckmicalproducts or seaetions mch^i^ 
saliva, sweat, or tears, the shell of the fowl’s egg, the ink of the cuttle-fish, the 
poison of a snake, or the slime of the slug; (c) dliated epithelim which 
maintains fluid motion over body surfaces such as the inside of the human 
windpipe or the gills of a clam. These three types of reactivity are exhibited 
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by nearly all animals and nearly all animals possess the effector organs 
responsible for them. 

In addition, many animals, e.g. cold-blooded vertebrates and Crustacea, 
exliibit reversible colour changes for wliich the chameleon is undeservedly 
notorious. These are brought about by the presence of branching cells in the 
skin. These cells or chromatophores contain pigment which can concentrate 
.in compart masses at the centre, leaving most of the skin surface clear, or 
flow out into the branches where it forms an interlacing network of light 
absorbing material (Fig. 4fl8). Many marine animals and some insects (fire¬ 
flies and glow worm larvae of ground beetles) poduce light by photogenic 
effectors which manufacture an intermittent supply of phosphorescent 
material. A few fishes like the electric eel have electrical Rector organs by 
which they can administer serious shocks to other creatures. 

That Receptivity is also localized is easy to see when any of these responses 
can be traced to some occurrence in the surroundings of an animal, Re- 
searches of this land teach us that impersonal observation can lead to correct 
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Fig. 468,—Black Pigment "Cells mom the Skin of the Frog, Showing Five 
Degrees of Expansion of the Pigment Along the Cell Branches, Which are Only 
Clearly Visible Where THE Pigment Fills Them 


conclusions, when what is wrongly called “direct” or “immediate” knowledge 
of “our own sensations” leads to entirely false ones. We can see this clearly 
if we consider a type of behaviour wHch human beings do not exhibit, 
The external agencies which influence colour change in the lower vertebrates 
have now been ascertained with sufficient thoroughness to enable us to state 
what steps must be taken, if , we wish to make an anim al respond in a par¬ 
ticular way. It can be evoked by a variety of external agents, notably light, 
humidity, change in temperature, and certain forms of mechanical and elec¬ 
trical stimulation, In the laboratory each of these agencies can be varied, while 
the otliers are kept constant. Their separate contributions can be distinguished 
and their mutual relations determined. When a supply of oxygen, adequate 
diet, and the general conditions essential to the efficient working of the 
bodily machine are satisfied, we can prescribe how to make a chameleon or a 
frog turn ciarb olive or pale yellow, just as wc can prescribe how to make 
litmus dye turn red or blue. 

Chameleons, if undisturbed, remain dark in a weU-iUuminated situation 
so long as the temperature is wril below that of the human body. They will 
become completely pale after suitable stimulation by a succession of electric 
shocks or by mechanteal pressure. Two blunt pins connected with the 
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terminals of a toy shocking-coil to act as sdinulating “electrodes” can be used 
for the first and a glass rod for the second. If the skin of the surface of the 
body, the roof of the mouth, and the anal orifice are respectively stimulated 
by a series of electric shocks, or by hard rubbing with a glass rod, the results 
obtained may be tabulated thus 

COLOUR CHANGE IN THE CHAMELEON 
Stimulus Area Respome 

Electrical Skin of Surface Local paUor 

Roof of mouth Generalized pallor 

Anus Generalized pallor 

Mechanical Skin of surface No effect 

Roof of mouth No effect 

Anus Generalized pallor 

This shows that there are two definitely localized regions where the appli¬ 
cation of an electrical stimulus evokes the response of generalized pallor. 
In modern nomenclature they are spoken of as receptor areas, in the older 
terminology as sense organs. Only one ot them is a receptor area for 
mechanic^ stimulation. 

Between a temperature of 10'’ C. and 20° C. a chameleon is uniformly pale 
in darkness, and responds to bright fight by becoming dark. Anthropomorphic 
prejudices would lead us to assume that this response depends on the eye. 
This is not so. It has no definite receptor organ associated with it. It can be 
elicited in a restricted area of the body subjected to local Summation, and is 
unaffected by blinding or blindfolding the animal. As far as this response is 
concerned the chameleon behaves as if it had sMn-sight. 

Analogous remarks do not apply to the colour changes which are shown 
by frogs or minnows when transferred from white to black vessels or vice 
versa. The English common frog can change from a blackish to a bright 
yellow hue in appropriate situations. The contrast, which is no less striking 
than the proverbial changes of the chameleon, has attracted less comment 
because many hours elapse before it is complete. Its relation to light has 
been studied very thoroughly in one of its near cousins, the South African 
clawed toad (Xenopus lam), which lives in water and is much less suscep¬ 
tible to the influence of temperature. The skin colour of normal clawed toads 
kept under normal conditions of temperature with uniform illumination in 
wWte tanlrs is invariably pale and in black tanks invariably dark. The be¬ 
haviour of normal and blinded individuals is contrasted in the following 
table:— 

COLOUR CHANGE IN XENOPUS LAEVIS 

Whitt background Black background 
Normal animal Very pale Very dark 

Animal after removal of eyes or de- Intermediate Intermediate 

struction of the “retina,” 

This experiment shows that the internal disturbance which underlies 
colour response to light in the clawed toad is initiated in a restricted area 
of receptive tissue, the retina of the eye. In this sense we are entitled to say 
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that the eye of the frog is an organ of vision. In saying so, we do not introduce 
any notion which belongs to the domain of our person^ feelings We mean 
that one localized region in tie body of the clawed toad is the starting point 
upra C’^ates in colour change when fight impinges 

Such a statement is analogous to saying that a button which, when pressed, 
sets the engme m motion is situated on the floor of a car. The biologist 
mvestigates the sense organ as he would deal with the self-staiter of a car 
if he were ignorant of its. mechanism. If he allowed himself to be led by 
the analogy of his own mtperience, he would be driven to incorrect con¬ 
clusions about the way in which light influences colour change in the 
chameleon, whose skin responds directly to incident illummation. The study 
of vision m frogs and toads also contains pitfalls for the unwary introspec- 
pomst. The chwed toad will collect at the dark end of an aquarimn which 
IS nneqnally flnminaled. Thh is true ot eyeless indiyiduals as well as 
normal ones. TOereas fc eye of the toad is the receptor organ for response 
to backgroimd ^ by change of colour, the whole of the sidn is a receptor 
org^ for the activities which bring the animal into a shady situation. 

^ The phenomena of colour change provide a fiirther illustration of the 
localization of a familiar form of receptivity in an unusual situation. Drought 
wd hmdity in frogs, especially tree frogs, tend to produce pallor and 
darkemng of tite skin respectively when other factors are maintained con¬ 
stant. In human beings the response to drought is mainly localized in the 
mucous membrane of the throat. Biedermann states that the influence of 
humiaiy and drought on cote chwge in the tee frog is completely abolished 
by painting the pads at the extremities of the toes with cocaine, a drag which 
paralyses receptivity. “Toe-thirst” is therefore a definite problem for in¬ 
vestigation and control} though no conceivable effort of imagjTiation could 
introduce any meaning into a discussion of what a frog feds like when its toes 
are thirsty. When we are concerned with how to make an animal behave in 
a p^cular way the traditional terminology of feeling, will, and purpose have 
as little relevance to our task as the spirits of alchemy have to the processes 
in the retort. 

_ Thus the problem of behaviour as the word is used in biological science 
includes (a) the discovery of physical events (stmlt) which initiate active 
responses, (h) the localization of the receptive area on which the stimulus 
operates, (c) the modus operandi of the effector organ wMch executes the visible 
respome, and linking up {b) with (c) the processes which make it possible for 
a localized stimulus acting on ciw paxt of die body to elicit a localized response 
in another part of the body, This aspect of behaviour is called co-ordination. 

The study of co-ordination depends on being able to isolate a single unit 
of behaviour starting with a definite stimulus and ending in a characteristic 
response. Such a sequence of events is called a «^a A reflex thatis very easy 
' to demonstrate in lie frog is the withdrawal of the foot, when the . toes are 
allowed to dip into water warmed to about the temperature of the human 
body. If we suspend a frog whiti has been pithed (i.e. the brain destroyed) 
with^the legs hinging downwards, and bring a beaier of water gently into 
position 80 that the toes just dip into the water, we find that nothing happens 
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if the water is at the temperature of the room; but the leg is pulled up if the 
water has been previously warmed to about 40° C. If we time the interval 
between the immersion of the toes and the withdrawal of the limb, we find that 
it is a matter of seconds. Something has been happening during those seconds. 
What and where is the aspect of behaviour implied by the term co-ordination? 

Examples of simple reflexes, most of which can be easily studied in our own 
persons, are given in the table below 

Action Receptor Effector 

Quickening of heart when Nerve-endings in right. Heart, muscle 
its blood supply increases, auricle 

Contraction of pupil in Retina Plain muscle of iris 

strong light. 

Secretion of saliva on smeU- Olfactory organ Salivary glands 

ing food. 

Sn effling after pepper. Olfactory organ Muscles of chest and 

diaphragm 

Knee jerk “End organs” in tendon Extensor muscles of 

thi g h. 

The chief means of transmission of the disturbances set up in the receptor 
organs to the effector organs that carry out the ensuing responses is the 
nenious system. An instructive experiment can be carried out if we hang up five 
decapitated frogs in the manner indicated above after snipping away the bone 
knovra as the urostyle (at the end of the vertebral column). This exposes two 
groups of shining white cylindrical tnmlts which are then seen to pass from 
the backbone downwards to the muscles of tlie legs. We can now learn what 
is the path by which the disturbance set up in the temperature receptors of 
the skba of the toes travels to the muscles of the thigh. 

In one frog the white trunks {sciatic nerves) of both sides are left intact. 
In a second the sciatic nerve of the right side is cut. In a third frog the sdatic 
nerve of the left side is cut. In a fourth ftog the sdatic nerves of both sides 
are cut. And in a fifth frog neither are cut, but a wire is passed down the 
canal of the backbone to destroy the nerve stem or spinal cord. Having done 
this we may try the effect of letting the toes of both feet dip into warm water. 
Both legs of ie first ffog are withdrawn. Only the left leg of tlie second 
and only the right leg of the third ftog is withdrawn. Neither leg of the 
other two fiogs is withdrawn. From this we condude that the something 
which is happening between the immersion of the toes and the withdrawal 
of the foot travels by a definite road, namely, along the sdatic nerve; and 
further that it travels first up to the spinal cord and then down to the leg 
muscles. This something is c^ed the werwaMj impulse. 

THE SOCIAL BACKGROTOD OF NERVE PHYSIOLOGY 

That the nerves are the pathway of communiation involved in the co¬ 
ordination of the reflex stimulus witih its appropriate response was recognized 
by some of the earlier Alexandrian surgeons such as Herophilus (c. 300 b.c.). 
It was established by the experimental work of Vesalius, who observed that 
cutting nerves sufficed to paralyse all movements. In the succeeding century 
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of medical research the essential part played by the centtal nervous system 
(spinal cord and brain), as opposed to the peripheral nerves which carry 
impulses from the receptor organs to it and impdses from it to tlie effector 
organs, was discovered by such experiments as the foregoing. It was also 
found that a frog’s muscle removed from the body along with an attached 
nerve trunk will continue to contract for many hours in a moist atmosphere 
whenever the nerve is stimulated by mechanical pressure or by chemical 
irritants. 

Little more than this was known before the closing years of the eighteenth 
century. All authentic Itnowledge about nervous co-ordination available at 
that time could be demonstrated by consecutive experiments lasting less 
than half an hour. Three agencies specially contributed to the knowledge 
which has accumulated since then. The first was the discovery of current 
electricity. The second was the revival of microscopic enquiry which accom¬ 
panied the introduction of achromatic lenses. The third was the impact of 
the evolutionary speculation. 

We have already learned that progress in the study of electricity during 
the eighteenth century was closely connected with medical enquiries. The 
spark and crackle of the Leyden jar reproduced the physical phenomenon 
of lightning in miniature, and the powerful shocks which accompanied its 
discharge recalled the peculiar activity of the electric eel, a phenomenon 
known to naturalists from the time of Aristotle. The production of the shock 
itself became an object of special interest when it was found that an isolated 
muscle will contract after frictional discharge through it or through its attached 
nerve trank. In the course of such studies Galvani made the observations 
wliich ultimately led to the discovery of current electricity (p. 648). From his 
time till the present day knowledge of the nervous system has continually 
reaped new benefits from advances in electrical science, and has responded to 
tlie social forces which have encouraged research into all kinds of electrical 
phenomena. 

Galvani’s discoveries stimulated interest in the characteristics of nervous 
tissue, when the comparative anatomy of animals was advancing, and by 
so doing contributed to its advance. Before Cuvier’s time the discovery of 
sexuality in plants had been the only notable contribution to new principles 
of biological classification, and nothing was known about the nervous system 
of the lower animals. The geological record shows that plants have accommo¬ 
dated themselves to new conditions of life by adopting new methods of 
reproduction, and their reproductive organs are of primary importance in 
a classification based on unity of type. This is less true of animals, whose 
evolution has been associated more particularly with new methods of locomo¬ 
tion, escape, and search for food. The peculiarities of the sense organs, the 
effector mechanisms and the nervous system which links the two provide 
the master-key to unity of type in animals, and no substantial progress in 
animfll taxonomy could be made until a comparative study of the nervous 
system had been undertaken. In his dissections of molluscs, arthropods, and 
echinoderms, Cuvier paid special attention to the nervous system and earned 
out experiments to identify it. 

The work of Darwin’s predecessors was continued by his followers with 
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a new end in view. While the status of the human species occupied the centre of 
the stage, a satisfactory theory of evolution could not rely exclusively on 
anatomicd evidence. Although the anatomical characteristics which dis¬ 
tinguish a mathemarician from a marmoset are trifling in comparison with 
the anatomical characteristics which distinguish a marmoset from a mouse, 
few evolutionists could commit themselves to a corresponding statement 
about the characteristics of their behaviour] and they would not have been 
wise to do so. Their only course was to seek for more information about 
how new patterns of behaviour evolve and how they are connected with the 
characteristics of the nervous system. 

The comparative study of behaviour in a wide range of living creatures 
brought about a new orientation. Most of us believe that we know how we 
make decisions, and we bring the same prejudices into action when we 
watch the behaviour of a sheep-dog. We can study how the leaves of a sensitive 
plant “decide” when to open or dose without doing so, and we are not easily 
tempted to believe that we have discovered anything new about the behaviour 
of a plant when we have added a new abstract noun to our vocabulary. So 
the training we get from studying organisms which have little resemblance 
to ourselves teaches us the pitfalls of verbal analogies and the need for careful 
observation. 

“An impetus,” says Pavlov, “was given to this transition by the rapidly 
developing sdence of comparative physiology, which itself sprang up as a 
direct result of the theory of evolution. In dealing with the lower members 
of the animal kingdom, physiologists were of necessity compelled to reject 
antliropomorphic preconceptions and to direct all their efforts to the elucida¬ 
tion of the connections between the external stimulus and the resulting response. 
. . . This led to the development of Loeb’s doctrine of Animal Tropiams; to 
the introduction of a new objective terminology to describe animal reactions 
and finally it led to the investigation by zoologists, using purely objective 
methods, of the behaviour of the lower members of the animal kingdom,” 


THE REFLEX ARC 

Renewed attention to minute anatomy assodated with technical improve¬ 
ments of the microscope during the twenties and thirties of the nineteenth 
century bore fruit in lie elucidation of the “reflex arc,” that is to say, the 
path which the nervous impulse traverses in the central nervous system 
between the receptor and the effector organ. If we tease a nerve like the 
sciatic nerve of the ftog with needles we can separate it into a large number 
of cylindrical fibres, each of microscopic thickness and each surrounded by a 
minute sheath of fatty material. By tracing these fibres back to the spinal cord, 
we eventually find tot they are simply attenuated processes of* branching 
cells. Some of them originate from branching cells in the matter or 
core of the spinal cord, where their finer branches are dosely connected 
with the terminal branches of other nerve cells oi neurones, Branching cells 
of this type also occur in the central nervous system itself. Their fibres 
run up and down the outer rind or white matter of the spinal cord, carry¬ 
ing nervous impulses from one level to another. Others of the fibres of a 
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mixed nerve, i.e. a nerve carrying impulses both to and from the cord, like 
the sciatic nerve of the frog, do not have their cell bodies within the spinal cord. 
Their cell bodies are in swellings known as the dmal root ganglia^ situated 
near where the nerve is joined to the cord (Fig. 471 ). The cells of the dorsal 
ganglia send branches into the spinal cord, where they arborize around the 
cell bodies foimd in tlie grey matter. A single nerve fibre, with its sheath, in 
a vertebrate animal, is not more than a hundredth of a millimetre in thickness, 
though in ourselves it may be as much as a yard in length. 

The experiment cited on p. 1020 indicates tot a nerve like the sciatic nerve 
of the frog is a bundle of fibres, some carrying nervous impulses in either 




side 


Fig. 469.—Diagram to Illustrate MCller’s Experiment 

Dorsal root cut at As ventral root cut at B. 

direction. It does not teU us whether impulses normally travel in both 
directions in the same neurone or whether some neurones are afferent, call¬ 
ing impulses from the receptor to the cord, and others ^erent, carrying im¬ 
pulses from the cord to the effector organ. Other experiments show tot 
most nerve trunks contain two different types of neurone. 

If we trace any nerve back to the spinal cord, we find tot it is connected 
with it by two separate trunks) the dorsal and ventral roots, the former of 
which are swollen and contain,: as stated, cells, from_ which fibres pass in 
both directions, towards and away from the cord (Fig. 471 ). If we cut a 
spinal nerve at its peripheral end, muscular contractidns can be elicited by 
electrical stimulation of the nerve on the central sida o/ After cutting 
the dorsal root these reflexes will not be obtained. Thi 4 shows tot all the 
afferent impulses pass into the cord by the fibres whose cells are located in 
the dorsal root ganglion, If the dorshl root of the cut nerve is left intact, 
section of all other dorsal roots of the remaining spinal nerves does not 








1024 Science for the Citizen 

imerfcre with the rcileii responsic obtained by Rtinuilatiu;' its cwitml end. 
This shows tiiut nil the elfercnt fibres leave the cord by the ventral rotit, I'hc 
separate connections of the iilfcrcnt and efferent neurones t<j the C.N.S, 
were finally established by Johannes Muller (IHM), who severed all the dotsal 
roots on one side of the body of a frog and all the ventral or motor nans on 
the other side (Fig. 4(5h). Such an animal shows complete intlilference to 
stimuli on the side on which the dorsal roots are cut and complete inability 
to respond by active movement on tlic opposite sidcj but stimuli applied to 
the side on which the dorsal roots are intact will evoke resiMUse on the side 
whose motor roots arc intact, The presence of separate afiercJit and elfercnt 
roots is a peculiarity of the nerves of vertebrates (fishes, lunplubia, reptiles, 
birds, and mammals) and experiments like the one just described have been 
arried out on representatives of all the Vertebrate classes, 

Microscopic sections or tcased-out preparations of a mixed nerve arc not 
sufficient to justify the inference that all the fibres of a dorsal root have their 
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Degenerated regions black, A, doesal root cut on peripheral fiiilc of gangifem ihc 
afferent fibres to the kit have degenerated, B, dorsal root cut on ecninil side jwngluni; 
the ends of the afferent fibres carrying impulses into tlic grey matter of the *Fi«al 
cord have degenerated. C, ventral root cutj the efferent fibres to the efehi. have 
degenerated. 

cell bodies in the dorsal root ganglion or tliat all the fibres in the ventral root 
have their cell bodies in tlie grey matter of the cord. I’he microscope enables 
us to see tliat fibres from tlie cells in the dorsal ganglia pass a certain distaicc 
towards and away from the C.N.S. and chat die fibres of the cells in the 
grey matter pass out into the ventral root, We can only trace them by dirca 
observation for a small fection of tlidr course, and then lose trade of them. 
Here experiment comes to our aid (Fig. 470). If we cut a mixed spinal nerve, 
and keep the animal alive, microscopic examination shows dial all the fibres 
on the side of the nerve remote from the C,N.S, undergo degenerative 
changes in die course of a few days. If we cut the dorsal root on the cmml 
side of die ganglion (i.e. nearest to the cord) aU die fibres on the mtral 
side of the cut degenerate. If wc cut it on the pmphcntl side of the 
ganglion all the fibres on the peripheraJ side of the cut degenerate, If wc 
cut the ventral root, we find that degeneration occurs only on the side 
tml$ from the central nervous systan. This means that if cell bodies 
occur in any tract of nerve tissue, the fibres degenerate on the side of mion 


Animal Magnetim 1025 

remote Ifom the seat of cell bodies. In other words, a fibre not connected 
with its cell body undergoes degeneration. By applying the method of dc- 
generative section combined with direct observation of microscopic prepara- 
tions wc are, therefore, able to reconstruct the nerve paths involved in a 
reflex (Fig. 471), 'Fhe simplest possible path of a reflex (reflex arc) is by the 
way of a libre having its cell in the dorsal ganglion, into the cord, across the 
thin membrane (or $ynapis) separating the ultimate branches of such a fibre 
in the grey matter from the branched cell body of an efferent neurone, whose 
fibre passes out by the ventral root. The latter fibre is bound up with many 
other fibres, carrying impulses inwards or outwards, in a nerve trunk. 



Sufh is a very simple tyix: of nerve path involved in reflex action. Generally 
a reflex path involves addiiional neurones, wliicharo confined within the 
C,N..S, I'herc are large numhere of neurones whose whole length Is confined 
to the running up or down, airrying impidses from afferent neurones 
at one level to efferent neurones at another. Two great meeting places within 
the C.N.S. for neurones which run forwards to the head and backmirds 
to the posterior extremity of a Vertebrate are the two parte of the bmn 
known as the cerebrum and cetcbdlum (Fig. 474). When the bwm is 
destroyed these paths are elirainated: and partly for this reason, pardy for 
others which w'ili be referred to later, the behaviour of the pithed frog is much 
simpler, and therefore more suitable for the study of reflex action than that 
of the normal animal. 

The existence of nerve tracts running up and down the spinal cord can be 
demon-strated in a very simple way. When a dark chameleon, i.e. a chameleon 
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which has ken kept a lew minutes in bright liglit in a aH)l munij is sfiinulaied 
by an alternating current &om a shocking coil l-y electrodes applied either 
to the roof of the moutli or to the anal tuilice, ilic animal becomes extremely 
pale after about a rainutc. If the spinal cord has been cut witli a pair of 
dissecting scissors about the level of the eighth vertebra generalized pallor 
does not result from stimulating the mouth. I'he skin becomes pale only in 
the half of the body in front of the ait (big. 472). After stimulating the cloaca 
the body becomes pale only on the posterior .side of the cut. 

The nerve fibres tliat supply the stripai muscles of die limbs, etc., kvc 
their cell bodies in the grey matter of the cord. Tiic nerve supply of the 





Fig. 472.—EH'I:ct or liirruricAi. .^'Ti.sujrtvnon or wv hour or tm; .Moirtii in 
THE Cape Chameleon when ■inii Spinai. Ctwn is Sevliuo at C 

smooth musdea, of the muscles of the heart, and of the glands (as well 
as that of the pigment ceils of the chamckem or fish) is somewhat diflcitat. 
Connected with each pair of spinal nerves by fine trunb known as rmi 
comtnmmnUs are certain swellings of nervous tis,sue containitig new cells 


etc.) occur. When the ganglia are pamted with me drug nicodne, sdrauiatiofl 
of the rami does not evoke these responses, Since paindng the nerves than- 
selves does not prevent their ability to transmit impulses, nicotine appear* to 




belong to neurones which 
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Ruished from efferent neurones wliich supply !Jtri()ed muscle m the spinal 
nerves anil from the nerve fibres which pass out of tlie cortl to the ganglia 
via the rami communicantes, because no fatty sheath {nmMla) .sur ■ 
rounds the fibre itself. I'he nerve fibres chat oriitinate in the gimgliit are 
therefore called non-mediilliited fibres. The fact that nicotine prevents the 
conduction of nervous impulses beyond the ganglia by pamly.sing their nerve 
cells shows that plain muacle, glands, etc., of the liody are not directly inner¬ 
vated by die filrrcs with cells in the grey matter of the cord. Impulses iKiving 


s'jiittiil cord 



I'llAHHAM.VtA'tlC Hill'll!::, liWTATIOM OP TUI! HwiVI! I’Alll!; iNVOt.VW! W TlUi 
(aiNIHOL OP THB Pm.MI-CTMlV I'ppECTOR .Sv.STP.M OP’ TliB CTtAMPt.t'ON 

I'Hr tltf purpMv of dia^raitminiii'iition flic miuiln:;r of nani'liii is Ewiucwl, iind the 
asceittlioft ami dcsamlirig itfrerent itaths from cloaca ami nwuth rcspcerivcly are 
renrcsciifcd m eiich c«tt liy a Miidc iKHtrom;. ,‘icctic'in of the cord alone miKrtor to A 
rcutirts the pallor follmviia! Miauilatinn of the mouthj to the regiim in front ol’ tk 
ail, After iic^'tton of the and iileiic at the levc! indicated by /?, 'iiimultition of the r«f 
of the month prkucei gencrali'/ed palhur of the wliole imiinal with the exception of 
tk tip of the fail 


tk C.N.S. for dktof organs odter than striped muscle pass in the ganglia 
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skull. From this region, the brain (Fig. 474), ten pairs of nerves called cranial 
nerves come olf.* These nerves—especially those of the anterior end of the 
brain—are not built on the same plan as the spinal nerves. The same nerve 
does not always contain both afferent neurones and efferent neurones supply¬ 
ing striped muscle. They have various names, but are conventionally denoted 
more briefly by Roman numerals, Starting from the most anterior pair they 
are; I. the Olfactory nerves from the nasal receptor surface: purely afferent. 


1 



Fig. 474.—Diagsammatic Representation of the Central Nervous System 
OF Man 

II. the Optic nerves from the retina: purely afferent. Ill, IV and VI are 
efferent nerves supplying the striped muscles which move the eye in its socket. 
All vertebrates have six of these in each eye socket or orbit. The remaining 
cranial nerves, V, VII, IX, and X contain sflerent neurones—V from the skin 
of the face, and in mammals the pulp cavities of the teeth, VII from the skin of 
the face, and in the mammals the receptive surface of the tongue, IX and X 
from the respiratory and digestive, tracts. They also carry meduUated fibres 
with cells in the brain itself. Some of these go to the muscles of the face and 

* Two additional nerves, numbered XI and XII, are incorporated in the skull 
cavity in man and other mammals. 
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throat. Others end in connexion with short non-meduUated neurones in the 
musculature of the gut or heart. Stimulation of the Xth or Vagus nerve of 
the frog, as in our nearer allies (e.g. rabbit or dog), always results in slowing 
and enfeebling of the heart beat. This nerve exerts a restraining influence 
on the rhythm of the heart. 

The brain is, therefore, the part of the C.N.S. which receives impulses 
from the most important receptor organs—the eye, ear, and olfactory mem¬ 
branes, transmitting them by the descending neurones within the C.N.S, 
to the efferent neurones that arise from the cord at different levels. A frog 
in which the brain has been destroyed may be kept alive indefinitely; and its 
behaviour is very much simpler and therefore more easy to prescribe after 
careful study. It is no longer subject to the very varied stimuli of ever- 
changing images from the retina, and of smells or noises, in its vicinity. The 
interplay of all these helps to make the behaviour of the intact frog a much 
more complicated affair. 


THE NERVOUS IMPULSE AS A PHYSICAL EVENT 


As Stated earlier, nerve physiology received an impetus to renewed study 
from Galvani’s experiments on reflexes. The juxtaposition of discoveries 
about current electricity and the properties of nerve and muscle at the 
threshold of a new era of research into electrical phenomena is the dominant 
feature in the social background of behaviour analysis. Modern biology began 
with Harvey’s work in the social context of the common pump. Modern 
neurology begins with the work of Helmholtz in the social context of 
telegraphic communication. After the discoveries of Oersted and Ampere, 
progress in the study of electromagnetism provided new instruments for 
the study of problems which could not have been assailed successfully at an 
earlier date. 

Before the work of Galileo, of Torricelli and of Hooke, human breath had 
been anima or spirits. Till Wohler synthesized urea, spirits continued to 
haunt organic chemistry. Thereafter they confined their attentions to the 
nervous system. During the forties of the nineteenth century, Muller, who 
made valuable discoveries about the path of the nervous impulse, described 
it as an “imponderable psychical principle.” A single decisive experiment 
carried out by a physicist whose name is associated with discoveries in current 
electricity exorcized the spirits of the reflex arc. This was in 1861, when the 
cross-Channel cable was laid, and only five years before the Atlantic Company 
of Cyrus Field was registered. 

The task of Helmholtz had been made easier by the progress of moral 
philosophy in the preceding century. A German philosopher called Kant 
had devised hew tests for identifying spirits. One was ffiat they ate not 
bothered about punctuality and have no respect for clocks. The invention 
of the electromagnet made it easy to devise new methods for signalling the 
beginning and end of a process which occupies a very short interval, and 
therefore to decide whether the nervous impulse is a genuinely Kantian 


In measuring the speed of sound we can use light signals, because the 
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speed of light is enormous compared with the speed of sound. The speed of 
the electric current is of the same order as the speed of light, and electric 
signals are used for finding the speed of sound in a liquid. This was the 
principle of the method which Helmholtz used in the first determination of 
the speed of the nervous impulse. To measure the time between stimulation 
of a nerve by an electric shock and the contraction of its attached muscle 
the essential apparatus (Fig. 476) is: (u) an electromagnet to signd (see also 
Fig. 433) when the shock is given, (b) a tuning fork (see also Fig. 196) to 
record time, and (c) a lever touching a revolving drum coated with lamp- 



Fig. 476.-~Appaeatus for Detfrmining the Speed of the Nervous 
Impulse 


A pin on the fast drum mal?es and breaks contaa with the key when tlie tip of the lever 
iS; at the same ;^oint in each revolution. The current in the secondary is strongest at 
the break, and it is this which stimulates tlie nerve. Two records are taken, one with 
the secondary current passing through a and the other with it passing through b. The 
records are then compared as shown in Fig, 47B. 


black to trace out the shortening of the muscle. There is a measurable delay 
betvveen tbe shock and contraction, and the delay is less if the shock is 
applied nearer to the muscle. If we stimulate at two points and divide the 
distance between them by the delay, we get the rate at which tlie nervous 
impulse travels (Fig, 476). In the frog at 12° C. the speed of the nervous 
impulse is about fifty miles an hour. 

In this sense the nervous impulse is a physical event like the production 
of an echo or the flash of an explosion, and it has other physical characteristics, 
among which is the fact that it is not impmderable. Just as we can weigh the 
carbon (fiomde produced by a time fuse of gunpowder, we can weigh the 
carbon dioxide produced in the passage of the nervous impulse along a nerve. 
With, apparatus used for the experiment described in Figs. 476-6 we can 
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also show that its speed is aflected by raising or lowering the temperature, 
like the speed of an ordinary chemical reaction. 

Like otlier physical phenomena it is accompanied by the production of 
heat. The discovery of this fact is anotlaer illustration of how progress of nerve 
physiology depends on progress in electric^ science. The heat produced is 
minute and momentary. It can only be measured with the use of suitable 
thermopiles and highly sensitive galvanometers, which now make it pos¬ 
sible (see p. 700) to estimate a momentary rise in temperature of one 
ten-millionth of a degree centigrade. 

The chemical changes which occur along a nerve when the nervous im¬ 
pulse is said to traverse it, are a.ssociated with measurable electrical pheno¬ 
mena. Galvani believed that electrical currents produced when two diflerent 
metals with their ends connected touch the moist surface of a piece of living 



Fig. 470,—'Ibe Speed of the Nervous Impulse 

Muscle record showing delay of contraction when tlie attached nerve is stimulated 
at different points (A and B) along its length. 

tissue are due to the activity of the living nerve. Volta showed that this is 
not so. None the less Galvani’s belief that electrical phenomena are character¬ 
istic of the nervous impulse was well grounded, and it may be that he had 
good reasons for his belief. A simple experiment which suggests this can be 
performed by laying one nerve-muscle preparation across another. If the 
nerve of one of them is stimulated by mechanical pressure, as by pinching 
with forceps, the contraction of its own muscle will often be accompanied 
by tlie contraction of the other one. In his own time it was not possible to 
follow up the experimenis of Galvani, because there were no sensitive devices 
for detecting currents of short duration. When photographic recording arid 
sensitive galvanometers responding to short-lived currents were intro¬ 
duced, the study of electrical phenomena in tissues was renewed, notably 
by du Bois Reymond and Burdon Sanderson. This was about the time when 
Helmholtz first measured tlie speedmf the impulse. 

If two electrodes (i.e. metal points) in circuit with a sensitive galvanometer 
are placed close together at any point along a nerve the galvanometer registers 
an instantaneous deflection when the end of the nerve is pinched. If two 
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pairs of electrodes are placed at a measured distance along the nerve the 
deflections can be photographed on a revolving film. If the vibrations of a 
tuning fork, to act as a time marker, are also recorded on the film, it is pos¬ 
sible to measure the interval between the first deflection of the galvanometer 
connected to the electrodes farthest away from the muscle and the second, 
which occurs in the galvanometer connected to the electrodes farthest from the 
point of stimulation. The measured distance separating the electrodes divided 
by the time interval gives the speed of the local electrical change. This agrees 
with the speed of the nervous impulse. 

Like the nervous impulse, the phenomenon of receptivity, i.e. what occurs 
in the "sense organ” or receptor area when a stimulus acts on it, is itself an 
electrical phenomenon. The physical change which occurs in the receptive 
area, when the appropriate stimulus is applied to it has been investigated 
most extensively in connection with sight. When a beam of light falls on the 
retina, it gives rise to a difference in electrical potential between the illu¬ 
minated region and the surrounding tissue which is not stimulated. This 
potential difference persists while the stimulus is applied and disappears 
when the source of light is cut off. It is not constant during the period of 
stimulation, but shows a very characteristic variation. In the frog’s eye it 
has three well-defined phases each with its own duration, magnitude, and 
latency, corresponding to successive and separate photochemical reactions 
occurring in the retina, when it is stimulated by light. The photoelectric 
reaction of the eye was first discovered by Holmgren in 1866. Such potential 
differences can only be detected, recorded, and measured accurately with 
galvanometers of high frequency and great sensitivity. So progress along 
this line of enquiry has marched in step with electrical discoveries. Recently 
the technique of these measurements has been greatly improved by Adrian, 
Forbes, and others who have adopted the use of amplifiers such as are 
employed in wireless transmission. With such apparatus it is now possible 
to detect electrical changes in the human brain, when it is involved in carry¬ 
ing out intellectual tasks, 

THE STUDY OF “SENSATIONS” 

Of four methods which have been used to identify the localization of 
receptivity in the lower animals the one which is easiest to apply depends 
upon the possibility of isolating some type of response invariably asso¬ 
ciated with the appheation of a specific external agent. The study of colour 
change in frogs and toads has already provided an illustration of its use. The 
task of isolating a response which can be relied on to manifest itself under 
specifiable conditions involves extensive preliminary enquiry. Two types of 
response are easily handled in experiments of this sort. One is the normal 
balancing movements by which the body maintains the characteristic 
orientation to its surroundings implied in stating that it is the “right way up.” 
The other is the highly characteristic posture whichmany animals adopt 
when subjected to angular acceleration in the horizontal plane. 

Normal balancing movements usually involve orientation with reference 
to three distinct external agencies—the direction of incident illumination. 
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the mechanical pressure exerted by the weight of the body on the surface 
with which it is in contact, and finally—in some respects most important of 
aU—the direct influence of the earA’s gravitational field. Receptivity to 
gravitational attraction (georeceptivity) completely eluded introspective 
speculation concerning the sense organs, until the experiments of Flourens 
on the internal ear of birds in 1828. These provided a clue to the significance 
of dizziness in the human subject. 

The identification of the receptive fields is sometimes facilitated by the 
circumstance that one or other of these agencies exerts a predominant influ¬ 
ence on bodily equilibration. When this happens the animal is said to display 
phototaxis, stereotaxis, or geotaxis according as the influence of light, contact, 
or gravity predominates. Thus bamade larvae collect at the bottom in dark¬ 
ness and at the surface of a container in light. Their positive geotaxis in 



Fig 477.—Diagram to Illustrate Movement of Insect (Hover Fly) 
Towards the Light 


darkness is completely overruled by their positive phototaxis in fight. When 
the influence of either fight, or gravity, or contact predominates over the 
other two, the receptive fields can be defined by a process of exclusion. 

Pronounced phototactic reactions are well seen in some insects. The 
flight of the moth to the candle is proverbial. Insects are one of the few 
groups of frtpifiar animals in which no georeceptors have been located. 
In flight their tactile receptivity does not come into play. Their orientation 
to their surroundings then appears to be largely determined by fight; In 
general the phototactic movements of insects depend on two facts: (a) light 
Ltmg on the same region of the same eye reflexly increases the tension of 
muscles on one side of the body and reflexly relaxes the same ones on the 
other* (b) light acting on one part of the eye produces of a par- 

ticulaJ group of muscles and fight acting on another part of the same eye 
nroduces reflex relaxation of same group of muscles. Thus if one eye of 
die hover fly, is blackened, a beam of fight focused on the anterior 
margin (A Fig. 477) of the other eye makes the animal bend the legs of the 
same side’forwards and the lep of the other side m m the 

body dlts away from the side ihuminated. If a beam is directed on the 
postaior edge (P, Fig. 477), the legs of the opposite side ate bent forwards 
^ 2K* 
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and the legs of tlie sameside backwards, so that the body tilts towards theside 
illuminated. A comparatiyely feeble beam acting on tlie posterior margb 
will compensate the effect of an intense illumination of the region in firont. 
When a fly is moving along a beam of light the posterior edge of neither eye 
gets much light and one gets: as little as the other. When it is deflected to the 
right, the posterior margin of the left eye gets more light (Fig, 477) and this 
brings about the tilting of the body to the left. Its direction of movement 
is at once restored, so that the eyes are illuminated symmetrically. This is 
only realized when the axis of the body is in line with the source of light. 

The majority of animals are not predominantiy influenced by any single 



Eadi.sQiii-cireular.cmal,is really completely surrouncled,by,bone. Just.as any.move¬ 
ment in space caa be represented ou tlu-eerectangular co-ordinates, so any movement 
of the head is represented as component movements of the endolymph ofthe three 
canals. These movements_of the endolymph stimulate sensory.structures;in.the canals 
and so produce impulses,, inffie auditory nerve, leading to reflex, muscular movements 
ten^g.to, bring the.head back tojts normal position. Sound vibrations are transmitted 
to the cochlea via the eardrum, the auditory ossicles (which magnify the vibration 
of the ear drum) and the fluid surrounding the labyrintli., ■ 

type, of. exterrial; stMulus; To iden% form of receptivity and- its 
apppriate fleMTt is necessary to exclude the influeuce of, the others, 
Tlufl is done by .removing the stimulm itsdf when the stimulus, is. Ught, 
or by, removing: the receptor, organs when the stimulus is gravity. The 
majority of animals retain their chamcteristic bodily .orientation in complete 
darkness: or after removal of their photoreceptive organs,- Stereotactic reac¬ 
tions are seen in their most pronounced form in, animals which • live ia 
crevices, and under rocks and stones. Geomctic reactions usually , play am 
exceedingly,important role in die bodily orientatipn.of aquatic animals, 
Ahliided dogfish .swimming in very shallow water will right itself even when 
deprived of its poreceptors. The tactile areas associated with: the activation 
of the appropriate groups ofmusdes brought into play in the movement of’ 
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equilibration, which the dogfish executes each time it touches the bottom 
with its fins or belly, have been mapped out by Maxwell. 

It is fairly obvious that neither photoreceptivity nor tactile receptivity 
explains how a blind cat falls on all fours, how a blinded dogfish swims with 
perfect propriety in deep water, or how a blind bird maintains its natural 
posture in flight. Movements of this sort involve a special type of receptor 
organ. In Vertebrate animals it is part of the ear. If the portion of the internal 
ear (labyrinthine organ) (Fig. 478) known as the utriculus with its^ three 
semi-circular canals at right angles to one another is removed on both sides, a 
fish or firog is quite unable to swim in deep water, The vertebrate labyrinthine 
organ is an elaborate modification of a type of receptor organ which many 
aquatic animals possess. Those of the shrimp are located in its feelers. 

Shrimps are able to maintain their normal orientation when swimming 
in complete darkness or in daylight after removal of the eyes, and they can 
swim normafiy, if illuminated from above in the usual way, after thqit feelers 
have been removed. They will not orientate themselves in darkness after 
removal of the feelers, and if illuminated from below, they swim on their 
backs. If deprived both of their eyes and of their feelers, they are incapable of 
executing righting movements in the light. If one eye and both feelers or one 
feeler and both eyes are removed they swim on one side. If one feeler and 
one eye are simultaneously removed they execute spirals. If deprived of both 
eyes and both feelers a shrimp will still adopt the correct attitude, , when 
resting on the bottom, These facts are explicable on the assumption that the 
bodily equilibration of a shrimp is sufficiently determined by any one of three 
agencies: by light acting on the eyes, by the influence of the earth’s gravita¬ 
tional field on some part of the feelers, or by the effect of pressure on the 
tactile receptors at the extremities of the limbs, when m contact with a solid 
surface. Ordinarily at least two of these three organs of receptivity reinforce 
one another. Experimentally their effects are separable.^ 

At the base of each of the feelers in the shrimp there is a sac known as the 
statocyst. Sensory nerves connect it with the brain, md these nems end in 
the membrane lining the sac, The membrane itself is covered with sensory 
hairs on which rests a small mass of chalk and sand statolith) which is free 

to move in the fluid interior of the sac, when the body is tilted. The displace¬ 
ment of the statocyst constitutes the reflex stimulus to thop movements of 
equilibration which are determined by the influence of gravity. It is possible 
to replace the statoliths of a shrimp by iron filings. The experiment was first 
performed by Kreidl, who investigated the effect of superimposing a vey 
strong ma letic field on the earth’s gravitational attraction. By a simple 
operation the animal is now endowed with magnetic receptivity. It orientates 

itselfwith reference to the fines of magnetic force. . . 

The: utriculus of the human ear or that of any other vertebrate, dso 
contains solid calcareous particles. .The effect of a jerky movement is that 
the statolith hits the wall opposite to that against which it will subsequwtly 
lie, as our bodies do when a train starts suddenly. If the mternal_ earof a dog¬ 
fish is exposed it will execute the reflex responses chanactenstic of a tilting 
movement of the body when the statocyst is gently pushed m the opposite 
direction. By setting the fluid of the internal ear in motion m turning round 
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repeatedly, we can abolish our own georeceptivity, becoming “di 2 zy” and 
losing limb control. If human beings had been endowed with magnetic 
receptivity the great westerly navigations might not have been postponed till 
the advent of the mariner’s compass and mechanical clocks. 

An animal can be subjected to angular acceleration at right angles to gravity 
by putting it on a revolving turn-table. Its labyrinthine organs initiate reflex 
movements which give it a definite orientation to rotational displacement. In 
general vertebrates respond to rotation on a turn-table by a contrary move¬ 
ment of the head during rotation. When rotation stops, the head is deflected 
in the direction opposite to that which is sustained during rotation. Analogous 
movements of the eyeball occur. During the rotation the eyes turn in the anti¬ 
clockwise direction, if rotation is clockwise, and then in a clockwise direction 
when the rotation is brought to an end. Postural changes in the limb and 
trunk muscles also occur. The forced posture of a frog or a lizard initiated 
at the beginning of rotation is sustained without diminution until the move¬ 
ment stops. An opposite after-effect then supervenes for some seconds. 

The posture which some animals adopt during rotation and the after-eflfect 
are completely abolished when the labyrinths of both sides are destroyed. 
If the eyes of other species are removed, or if the animal is rotated within a 
uniform grey cylinder so that the retinal field of stimulation remains im- 
changed during rotation, the angle of deflection of the head is smaller during 
rotation, and the after-effect is exaggerated. There is a retinal component 
rpnHitig to heighten the effect of the labyrinthine reaction during rota¬ 
tion and to the after-effect on account of its much smaller inertia. 
In some lizards the retinal component has been shown to play a more 
prominent role. In ordinary rotation the deflection of the lizard’s head is 
pronounced but the after-effect obtained with normal animals is small. 
In the blinded anitnal the deflection during rotation is almost abolished; but 
a very pronounced after-effect ensues. This is not true of the clawed toad 
which is an aquatic animal living in muddy water. Its normal equilibrating 
movements depend far more on the influence of gravity than those of a lizard, 
which crawls on its belly and depends more on its tactile receptivity and the 
use of its eyes. 

In turn-table experiments with mammals and birds, we encounter another 
feature which introduces a new form of receptivity. Like the labyrinthine 
function it is one which lies outside the range of the five senses of intro¬ 
spective philosophy. At the beginning of rotation a pigeon executes the 
same type of head and eye movement as a frog or a lizard, but no stable 
equilibrium is attained. When the neck has been turned through a certain 
angle, it jerks back to its original position. This process is rhythmically 
repeated (nystagmus) during the rotation. 

The introspectionist confronted with this phenomenon will find himself 
on more familiar ground. Here is a tempting opportunity for invoking the 
exercise of a controlling "will” on the part of the animal which is “con¬ 
sciously” striving to regain its normal posture. There is no objection to 
using tihe term “will,” if we are quite clear what it means. When we have 
discovered what Is meant by wflling, in this context, we also discover that 
other words can also describe what is taking place, Experimental analysis 
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shows us that the animal responis to the stretching of its own muscles by reflex 
contraction of other ones. When a certain tension is reached, the neck and 
eye muscles contract reflexly, thus re-establishing the pre-existing posture. 
In this condition the animal is again free to respond to disturbances of 
labyrinthine or retinal origin. The head and eyes are again deflected. So 
the process proceeds rhythmically. 

Animals arc endowed with receptor organs which register the state of 
extension of the muscles and their tendons. Reflex activity is initiated both by 
changes in the external world and changes which have their seat in the body 
itseff. Some fishes possess an elaborate arrangement which records the state 
of distension of the gas bladder. One would say in the older terminology they 
have a “sense of depth.” Proprioceptive reflexes, i.e. reflexes which arise in 
the internal receptive fields, were first known to exist in connection with the 
regulation of the heart beat. The existence of microscopic structures in 
muscles and tendons,* suggestive of sense organs on account of their con¬ 
nexion with nerves entermg the spinal cord by sensory roots, was known for 
some years before Sherrington gave the first experimental demonstration of 
the existence of proprioceptors in the skeletal muscles. We know (p. 1023) 
that the spinal nerves of vertebrates are connected with the central nervous 
system by two roots, one composed exclusively of motor fibres conveying 
impulses to the muscles, the other known only to contain sensory fibres con¬ 
veying impulses to the cord ftom the receptor organs. Sherrington found that, 
when muscles are stretched, an opposing tension is superadded to their ■ 
elastic resistance. This tension, which is of considerable magnitude, is com¬ 
pletely abolished after cutting lie sensory roots of the nerve which supplies it. 

A second method used for exploring the receptive field depends on the 
physical nature of receptivity, and may be illustrated by comparative studies 
on vision. The octopus and its aflies have large and powerfiil eyes. Observa¬ 
tions upon the normal behaviour of the octopus in light do not provide 
us with definite evidence for their visual function. While it is permissible 
to entertain the likelihood that the eye of the octopus is a receptor for light, 
because the structure of the eye of the octopus is very much like that of a 
vertebrate, anatomical considerations cannot assist us to define the function 
of the eye with any precision. They do not help us to specify the range or 
discrimination of vision. They provide us with no reason to suppose ^at 
the eye of an octopus is sensitive within the same limits of wave length as 
our own eye. They do not tell us whether the eye of the 'octopus, like our 
own eye, distinguishes between different wave lengths, and if so, what 
differences. Without recourse to a study of the behaviour of Ae orgamsm 
as a whole we can obtain direct evidence coricerning the photoreceptive 
character of the eye of an octopus by the expedient of recording the photo¬ 
electric current in the retina. The eyes of some vertebrates give rise to 
electrical variations which have characteristic features for different regions 
of the spectrum. Their eyes can distinguish colour. - V ; ,., , , 

Closely analogous to this line of attack is a third method which has been 

. * The knee jerk is a proprioceptive reflex, the sense org^s concerned lying in the 

thick tSdon wUch cani felt between the knee cap and .the shm bone. A tap below 
the knee stretches this tendon and so stimulates the proprioceptors. 
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employed in the recognition of chemical receptivity and has been used to 
reinforce earlier methods for the study of the proprioceptors. Although it is 
difficult to isolate invariable and highly characteristic olfactory or gustatory 
responses in animalsj it is possible to apply a succession of chemical stimuli 
to different regions of the body and record the discharge of sensory impulses 
in the afferent nerves arising therefrom, by means of a sensitive galvanometer. 
The pike, which has aivery long and accessible olfactory nerve, has provided 
suitable rnamrial for investigating what chemical stimuli act upon the nasal 
organ of a fish. Some of the earliest studies on the recording of the nervous 
impulse in sensory fibres were carried out on the olfactory nerve of this 
animal. TWs method will probably be used with increasing confidence as 
the technique of recording afferent impulses is perfected. Up to the present 
its most important achievement has been to confirm the existence of the 
proprioceptors. Einthoven has shown that every heart beat and every 
respiratory movement discharges a volley of afferent impulses along the 
vagus nerve to the brain. Jolly, Adrian, Forbes, and others have shown 
that sensory impulses pass up the spinal nerves when a skeletal muscle is 
stretched. 

Galvanometer records of nerves of which tlie fibres appear to be of the 
afferent or sensory type (i,e, nerve fibres whose cell bodies are not located in 
die central nervous system) can be used successfully to investigate receptivity 
which does not correspond to any type of human sensation. Thus recent 
experiments have shown us how fishes may be able to respond to very 
feeble currents in the medium in which they swim. On either side of the 
body many fishes have a prominent line which marks the position of a system 
of canals and pits lying in the skin and communicating with the exterior. 
This lateral Ike system is richly supplied with nerves which would be classi¬ 
fied on structural grounds as sensory. It is possible to pick up volleys of 
electrical disturbances from them, in response to slight variations in the rate 
at which water can be made to flow in the lateral line canals. 

A picturesque application of electrical methods to the analysis of sensation 
has been made in connexion with the study of acoustical sensation by Wcver 
and Bray, whose work has been confirmed and extended by Professor Adrian 
and his colleagues. If electrodes are placed upon the auditory nerve, the electric 
currents which arise when the ear is stimulated by sounds can be amplified 
so as to reproduce speech as well as notes of high and Ibw pitch. The living 
cells of the ear of a cat or a guinea-pig record the sound as dectrical changes 
of which the ftequency is faithfiflly reproduced by the physical instrument. 
Speech is recorded as intelligible speech. This phenomenon can be completely 
abolished by anaesthetizing the receptive cells of the cochlea {Fig. 478). It 
can be inhibited by depriving them of oxygen when the circulation of the 
internal ear is blocked. There is therefore conclusive proof that it is not a 
physical artifact. 

Little is known about existence of special sound receptors outside the 
vertebrate series. What we know of the phenomenon in vertebrates them¬ 
selves is also based on a fourth method of investigation. Like the preceding 
'methods, that of conditioned dimmimtim is capable of defining with 
great accuracy the range and threshold of the effective stimulus as well as 
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the limits of the receptive field. With a few exceptions such as the “pinna 
reflex” (i.e. pricking of the ears) in the dog, animals shew few simple and 
highly characteristic types of response to sounds unconditioned by training. 
Consequently obseivations upon normal behaviour are of little use in the 
search for receptors for sound. Acoustical receptivity is chiefly found in 
animals with a well-developed aptitude for the formation of “conditioned” 
responses, In human beings, among whom acoustical receptivity plays such 
an important part in the process of communication, it is associated with the 
most complex characteristics of behaviour which are known to exist 

The method of conditioned discrimination makes use of the possibility 
of building up new reflexes of the type which Pavlov, their discoverer, calls 
conditioned reflex^. If any agent to which such an animal as the dog is 
receptive is applied repeatedly in conjunction with the appropriate stimulus 
to some simple invariable response, it eventuaEy acquires the prop^ of 
evoking the response unaccompanied by the original or'unconditioned 
stimulus, In his studies on conditioned reflexes Pavlov has chiefly employed 
the copious secretion of saliva, when food is presented to a dog, as the basic 
or unconditioned reflex, The sound of a bell, a metronome, or a tumng fork 
may be used as the conditioned agent to build up a regular and controllable 
response to sound. 

Pavlov has used this method to test the limits of discrimination of dogs 
to pure sounds of different wave lengths. It has also been used to demon¬ 
strate acoustical receptivity in fishes. Workmg in Pavlov’s laboratory, Andreev 
employed it to test the theory that different vibrating elements in the cochlea 
of the internal ear act as resonators which pick up individual wave lengths. 
An experiment of this kind may be quoted in the words of Pavlov himself, 

Pure tones were employed, being produced by two sets of apparatus, one 
giving tones from 100 to 3,000 and the Other from 3,000 to 26,000 double 
vibrations per second. Various conditioned alimentary reflexes were estab¬ 
lished. . , . The cochlea was first completely destroyed on one side. When 
tested for the first time six days after operation, all the auditory conditioned 
reflexes were found to be present. A second operation was now performed on 
the cochlea on the other side with the object of excluding only the lower part 
of tile tonic scale, The osseous part of tlie cochlea was opened at the junction 
of its middle and upper thirds and the exposed part of the membranous cochlea 
with the organ of Corti was injured with a fine needle. Already on 
day of the operation all the auditory stimuli excepting tones of 600 double 
vibrations per second and lower were found to be fully effective. In the course 
of three months following the operation, however, the effect of tones from 
600 to 300 double vibrations per second became gradually restored. From 
numerous tests carried out from this period up to two years after the operauon, 
the upper limits of the tones that had disappeared was fixed as somewhere 

between 309 and 317 double vibrations per second. 

This method can be used, as in this experiment, to locate the seat of 
receptivity with great delicacy. It can be used with great precision to de^e 
discrimination, e.g. of pitch and colour in the receptor organ itself. It cm mso 
be extended to t}ie study of the way in which stimuli are generalized, selected, 
and synthesized into effective groupings as signals of response through the 
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activity of the several parts of the forebrain on which the afferent impulses 
from tlie receptor organs impinge. Whether he is dealing with the initial 
activity of the sense organ, the process initiated by the sensory impulse in 
the brain, or the tuitional aspect of sensation, the experimental biologist 
communicates discovery without relying on traditional forms of speech. If 
he is studying the ear, experiment enables him to define the position'which 
an animfll will assume, when rotated on a turn-table, to control its posture 
in swimming by operating upon the labyrinthine organ, to specify the recep¬ 
tive areas in the utriculus and the semi-circular canals involved in the initiation 
of balancing movements, to detect the range of sounds to which the organism 
reacts, and the parts of die cochlea which are receptive to different tones. To 
discuss whether an animal “feels dizzy” or “enjoys” music adds nothing 
to clarity of exposition or the confidence with which it is possible to control 
the decisions an animal will make. 

LEARNING 

Pioneer studies on behaviour were mainly concerned with relatively stable 
responses to immediate changes in the environment. Such responses of 
which colour change, balancing movements, or “defence” reactions (e.g. 
withdrawal of the frog’s toes from warm water) are examples, largely deter¬ 
mine the pattern of so-called “instinctive” behaviour among such animals 
as insects or worms. Among the vertebrates, especially the mai^als, the 
behaviour pattern of ah individual is less stable, less easy to dissect, and 
hence more difficult to control. This complexity of behaviour is associated 
especially with the growth of the forebrain. If the roof of the forebrain 
(cerebral cortex) of a dog is removed under deep anaesthesia with aseptic 
precautions, the animal will survive indefinitely, and is able to feed or balance 
itself, excrete normally, and avoid obstacles in its path. While fully able to 
carry out these so-called instinctive responses it is unable to form new modes 
of reaction to its surroundings. It has no power to/earn. 

The word learning is given to at least two distinct processes. One is 
responding to a new stimulus by an action which formerly required a different 
signal. For instance, a dog, wWch will jump on to a table when a lump of 
sugar is offered to it, may “learn” to do so at the sound of his owner’s voice. 
The other is the evolution of new and more complex modes of action, as when 
a parrot “learns” to repeat words. So far nothing has been found out about 
the latter. On the other hand, the experimental researches of Pavlov’s school 
in Russia have led to new discoveries about how to control learning of the 
first kind. In discovering recipes for doing so we nted not depart from tire 
language we use in discussing reflex actions. 

Pavlov’s investigations began with the study of salivary secretion in dogs. 
A dog wliich has been deprived of the forebrain secretes saliva when food 
is introduced into the mouth. The intact adult can also secrete saliva when 
food is brought within the range of its eyes or nostrils. In the adult the sight 
or smell of food is therefore an appropriate stimulus for reflex saKv^ 
secretion. The ringing of a bell is ordinarily without effect on the secretion 
of saliva. If the ringing of a bell is repeated a certain numbe'r of times, when 
food is also presented, it eventually comes to evoke salivary secretion when 
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food does not accompany it. A previously indifferent stimulus applied to the 
intact animal at suitable intervals simultaneously with the application of a 
stimulus which evokes a reflex response unconditionally acquires the property 
of evoking tlie same reflex response when unaccompanied by the origini 
or “unconditioned” stimulus. A new reflex has been built up. This can only 
happen if the forebrain is present. Dogs without a forebrain do not form 
new reflexes. 

Reflexes of this kind are called conditioned reflexes, and the previously 
indifferent stimulus is called the conditioned stimulus. Any event in the 
external world which affects a receptor organ may become a conditioned 
stimulus to the intact animal, provided external conditions are rigidly 
standardized in other respects. To become one it must accompany the 
unconditioned stimulus a sufficient number of times, depending on whether 
the application is precisely simultaneous, whether the conditioned stimulus 
begins to operate before the unconditioned, overlapping it in duration or 
separated from it by a short interval. The task of defining the facility with 
which a conditioned reflex is built up involves a study of the significance 
of the interval between successive applications of both stimuli and of the 
juxtaposition of conditioned and unconditioned stimulus. In defining the 
conditions which bring into being a new reflex system by this method, we 
are investigating a class of phenomena which would formerly have been 
attributed to an autonomous “memory.” By using experimental methods 
we can arrive at definite conclusions about when and whether an event 
will occur without recourse to the usual descriptive epithet. 

What it has been the custom to call mmop is only one aspect of the 
problem of “conscious” or “voluntary” behaviour, that is to say aspects of 
behaviour which are spatially referable to reflex paths in the fore!3rain. 
Though an is constantly subject to the simultaneous application of 
many indifferent and unconditioned stimuli, its behaviour is selective. This 
is one aspect of what we call attention discover the conditions which 
prevent new reflex systems ftom coming into being, or extingmsh them when 
they have become established, was perhaps the most important aspect of 
Pavlov’s work, because an understanding of this part of the problem imderlies 
the successful control of experimental procedure. The possibffiiy of isolating 


fhich prevent the normal surroundings of the laboratory fbffl 
ignificant influence on the course of the experiment. The inhibmon of 
onditioned reflexes is a complex question; and its coinpleaty shows that 
bey offer a broad basis for the interpretation of “conscious behaviour m 
eneral and the interpretation of attention in particul^. ^ 

Two important types of inhibition are respectively called mkbition by 
xtinction and conditional inhibition. The first term refers to the fact that an 
adifferent stimulus which has been converted mto a conffitioned stimulus, 
nd is then allowed to act repeatedly without tiie unamtoned somidus, 
■radually loses its potency, regaining it after an interval of rest. Condiuonal 
nhibition is the extinction which occurs when a new mMejent 
uperimposed upon ihe effective phase of a conffitiond stimulus. A thir 
nd espLiaUy important form of inhibition is the extmetion of a state of 
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inhibition by conditional inhibitionj or as Pavlov calls it, inliibition of inliibi- 
tion. Let us suppose that an organ note of one thousand vibrations per second 
has been made the signal for salivary secretion by repeated application of 
the stimulus, when food is administered to the animal. If the new stimulus 
is now administered repeatedly without tlie accompaniment of food, it suffers 
inhibition by extinction, recovering its efficacy after a period of rest. If, during 
the indifferent period, the experimenter superimposes on the now ineffective 
sound stimulus another indifferent agent such as the flash of a lamp before 
the dog’s eyes, secretion of saliva ensues. The sound regains its power to 
act as a conditioned stimulusi and the pre-existing inhibition is itself in-' 
hibited. An important type of inhibition in everyday life is “generalized 


piimbrf 






upperjmr- 

lower-Jmr- 




-cershSm 


M^vert^ 


spmdcijrd 




Fig. 479.-~Verticai/Section Through Human Head 

Bones and cartilages are in black. The nasal septum and certain other structures in the 
nasal cavity are omitted. 


inhibition” or elimination of the activity of the forebrain as in sleep or 
hypnotic trance. It can be brought about by experimental treatment in 
dogs. Local warming or cooling of an area of the skin induces the torpor 
characteristic of the decerebrate dog which responds to ho conditional 
stimuli. 


CHEMICAL CO-OKDINATION 

In addition to the action of the nervous system there is a second type of co¬ 
ordination in animals. The blood of vertebrate animals plays a part in'the 
telegraphy of the body. So far we have not referred to this at all. We aU know 
that some chemical substances, called drugs, when obtained from the tissues of 
plants, have very diaracteristic effects on particular organs of the body. For 
instance, the drug known as caffeine, present in small quantities in coffee, 
promotes secretion of urine, and aspirin promotes sweating, Some organs 
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of the animal body produce drug-like substances called hormones. When 
carried by the blood stream to other parts, hormones are capable of calling 
forth very specific responses, In this way the circulatory system plays a 
part in co-ordinating response and stimulus. This has not been known till 
recent times. The first ffiscovery of chemical co-ordination was made by 
Bayliss and Starling in 1902 in researches on the pancreas. 

The pancreas does not secrete its digestive juice continuously. Pancreatic 
secretion is a response to the entry of the add food from the stomach into 
the intestine. The secretion of pancreatic juice follows the introductioa of 
food or add into the intestine, even when aU the nerve connexions between 
it and the intestine are severel Bayliss and Starling found that if the lining 
of the intestine is ground up with a little weak add the concoction produces 
immediate flow of ppcrcatic juice when it is injected into the drculation. 
They, therefore, conduded that add liberates a substance, which they called 
secretiityhom the intestinal mucous membrane into the blood steam. Thence 
it is conveyed to the ppcreas and there evokes the characteristic response, 
This substance has now been prepared in chemically pure form. The first 
experiments of Bayliss pd Starling were performed with dogs. They after¬ 
wards showed that secretin is present in the intestinal wall of other vertebrates. 

The control of colour response in frogs pd toads illustrates the combined 
action of nerves and hormones. We know that frogs change colour according 
to temperature, illumination, humidity, etc., pd that they dmge uniformly 
over the whole body. Since the “background” response is abolished by cutting 
the optic nerves, we also know that nerves convey the impulses set up by 
appropriate stimuli in their surropdings to the central nervous system. It 
was at one time thought that the nervous system trpsmitted these impulses 
directly to the black pigment cells in the skin, This is not so, Indeed, it is 
doubtful whether the pigmentary organs of the frog have any nerve supply. 

Beneath the brain within the skull of vertebrates lies a little gland which 
has no duct conveying its secretion to the exterior. It is called tbepiMoo’ 
gland. Extracts made by grinding up this orgp in salt solution have some 
very remarkable properties, When injected into, a pale frog, they bring 
about a complete darkening of the skin resulting from exppsion of the black 
pigment cells. There is pough of the active constituent in one gland to 
evoke darkening in a hpdred individuals. When the pituit^; glpd is re¬ 
moved, the frog recovers pd survives indefinitely. Though it appera to be 
healthy and otherwise normal, it will always remain completely pale in what¬ 
ever circumstpccs it is kept. Darkening of the skin of a frog from which 
the pituitary glpd has bep extirpated will still occur, if a small quptity 
of the extract of the pituitary glpd (about equivalent to one-miilionffi of a 
gram of the glpd substance) is introduced into the circulation by miection, 
Thus the nervous: system controls the behaviour pf the pigment cells 
inditectly by in <'’i’p3sing or diminishing the rate at which the pituitary body 
ppurs its secretion into the blood. , < 

Near the anterior end of the hump kidney is an orpge-coloured mass ot 
tissue, the cdranl Jndy. Ttes ‘ductless glpd’V contains a dr^^^ 
stance that acts on plain muscle, in some cases relaxing pd in olfrers mducing 
contraction or increased rapidity of p inherent rhythm (e.g. it accelerates 
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the heart of the frog). It is called adrmlme. Adrenaline can now be manu¬ 
factured in pure form in the laboratory. It is liberated into the circulation in 
small quantitiesj but we are not yet certain under what conditions. Like the 
tliyroid gland (p. 863), the adrenal and pituitary bodies are sometimes spoken 
ductless glands, 

THE PUBLIC WORLD OF THE SCIENTIFIC OUTLOOK 

During the two centuries which preceded the publication of Darwin’s 
Descent of Man, the prevailing idealism which provided a rationale for the 
rights of the individual conscience in Protestant countries had accepted 
Platonic metaphysics, as Catholicism had accepted Platonic physics. Self- 
knowledge was assumed to be reliable, indeed more reliable than knowledge 
based on observation. The Platonists subscribed to the dictum of the Delphic 
oracle. They believed that every man carries within himself the secret of his 
own nature. The most important result of experimental research of the kind 
with which we are now dealing has been the dscovery that “Know Thyself” 
carries with it the prior injunction “Know others first.” 

Like the self-evident principle that the sun rotates over the horizon, the 
belief that self-knowledge is more trustworthy than the collective testimony 
of different observers is hard to eradicate. “Surely,” says the introspectionist, 
“you yourself know best when you have a pain in your stomach.” Do we 
really? Hospital practice no longer takes such statements at their face value. 
Data collected at operations and post mortems have taught us that any 
statement which a patient makes about himself needs to be confirmed by 
observations made by somebody else. For instance, the presence of a stone 
in the bladder is described by the patient as a pain in the right shoulder. What 
is called a pain in the groin may be due to an inflammatory condition of the 
kidneys. There is no short cut to knowledge of human nature. Painstaking 
observation of the behaviour of inanimate objects is the necessary basis of 
knowledge which can show us how to control the material resources of 
external nature, and painstaking observation of the behaviour of human beings 
and other anitnak is the only basis for knowledge which can show us how to 
' control ourselves. 

The Cartesian compromise divided the field of human enquiry into two 
domains. One, the external world of science, included dynamos and diges¬ 
tion, mercaptan compouiids and the Milky Way, potato virus and the petro¬ 
leum engine. To the other, the internal world of introspective philosophy, 
belonged devotion and duty, melancholia and mathematical intuition, 
patriotism and piety. We arc now beginning to realize that the expanding 
universe of useful knowledge defies any boundary which can be fixed for 
all time. Naturally, the disappearance of the old landmarks leads to much 
hesitation and inconsistency. In discussing the problems of human behaviour 
we have just begun to lisp a few syllables of a new language, and much of 
what has been written in this chapter will seem childish to our grand¬ 
children, Meanwhile we may concede to one another the private prerogative 
of contemplative introspection, so long as it does not interfere with the social 
programme of discovering how the human brain can be regulated or how 
social institutions carry on. 
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Biology and sociology are beginning to undertake this programme. The 
following sentence taken from the Gifford Lectures of Sir ikthur Eddington 
illustrates the contrast between the new outlook and the old: 

A mental decision to turn right or left starts one of two alternative sets of 
impulses along nerves to the feet. At some brain centre the cause of behaviour 
of ce rtain atoms or elements of this physical world is directly determined for 
tliem by the mental decision. 

It seems that the external world of Professor Eddington is the material world 
■—the shadow world of physics as he calls it elsewhere. His internal world is 
the mental world-the "real” world of refigious experience and artistic 
insight. Professor Eddington’s external world, therefore, ends where an 
important part of the external world of a psychologist or a biologist begins. He 
takes no account of the fact that mental decisions are matters about wMch 
human beings can make, and are making, discoveries. Within its domain a 
mental decision is a final cause. It flashes like a meteor into the shadow world 
of common experience trailing clouds of glory from the Ewigkeit. Then me 
a bubble it vanishes, returning to the abode where the eternals are. The 
onlooker is no longer the physicist. He lays aside his recording instruments 
and abandons himself to the rapture of the poet. 

The new outlook is that science is not exclusive^ occupied with the 
behaviour of nebulae, nasturtiums, internal combustion engines, and the 
indigo dyes. It is also engaged in discovering how to rantrol the behaviom 
of the lower animals, and may eventually extend its scope to mclude 
that of archbishops and dictators. One of the problems which biologists 
have already investigated is how the behaviour of a dog is i^uenced 
by the way in which it has been treated. In the language of everyday life we 
describe what happens at this level of behaviour by saying that dogs can 
remember or that they make mental decisions. Patient experiments su^ as 
those which have been made by Pavlov’s school have made it possible to 
specify rules about how dogs “remember.” Those who c^ them out can 
tote “mental decisions” which a dog will make. If the behaviour of human 

beings and of the lower animals is really detemuned by mental decisions, 

LnL decisions, as Professor Eddington de&es them, part ^e 
external world which the biologist and the psychologist mvesugate. If mental 
Sons can interfere with the functions of the centtal nervous system, as 
Professor Eddington suggests, they are not merely the pnvate affair of the 

„ i!rJ*«tvatioii by te imptoyement of matenid insmments. 
wh" IfcJ of op^ieoc by ie todocdon 

Se 3em» dealt vntb in this chapter. Ftom tone i^emonal the 
with the objtncttd by the poverty of taeuage and 

S to *t Sir Wifc Petty tailed a "dictionaty of sensible wotds. 
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Petty proposed a self-denying ordinance to prohibit the use of words 
whichj having too many meanings, have no meaning at aU. Few words have 
a better claim to such treatment than the word explanation. What some 
people mean by an explanation is labelling a natural phenomenon with a 
word which makes it a thing'apart. The “mental decision” of Professor 
EddingtoUj when he writes as a Gifford Lecturerj is an explanation of this 
sort. It is an object of awe, sufficient in its own right. As such it is a survival 
of the emotive use of language as verbal ritual to propitiate the unspeakable 
by iucantation. Scientific explanation is altogether different. It exposes the 
connexions between different things, and thus gives us recipes of conduct. 
The language in which the isolated philosopher describes “causation,” when 
he is passively contemplating his own “mental decisions,” has nothing in 
common with the language in which scientific workers communicate rules for 
regulating behaviour. Such rules must include how sense organs signal 
ch^ges which occur in our surroundings and in our own bodies, how the 
nervous impulse traverses the synapses of the brain, how previous stimula¬ 
tion affects the ease with which they do so, and many other cognate topics 
which are omitted in Professor Eddington’s pronouncements on biological 
problems, 

Biologists who are studying these problems are not complacent about our 
ignorance and the need for more knowledge. The most they ask is that we 
should now judge the respective claims of collective scientific observation 
and the self-knowledge of introspective philosophy by their fruits. That 
the comparative study of animal behaviour has taught us far more about 
our own sensations than the combined efforts of moral philosophers is 
difficult to dispute, if we compare the present state of knowledge with what 
was known when Kant wrote the Critique of Pure Reason. All that we then 
knew about sensation was circumscribed by the five senses—sight, sound, 
smell, taste, and touch, which severally signal changes in the “external” world 
around us. Nothing was known of the receptors which record changes in the 
inmmal field of OUT own bodies, and there were no known facts to contest 
the assertion that our recognition of space is independent of our'sense organs. 

Before Flourens carried out his experiments on the semi-circular canals 
of Birds (1828) a blind man’s knowledge of space was a priori. That is to say, 
it belonged to the province of moral philosophy, and there was nothiug more 
to be said about it. Since then experiments on animals have shown us that the 
body has receptor organs which record orientation to the earth’s gravitational 
field, receptor organs which register rotational displacement and receptor 
organs which signal the relative position of individual parts to the body as. a 
whole. Surgical practice has shown that much of our new information about 
how animals can balance themselves is also relevant to the perception of space 
by human beings. ¥e can therefore add several new items to our dictionary of 
sensible words. Nowadays we do not say that a blind cat falls on all' fours 
because it has an a priori knowledge of space, or because it has made a 
“mental decision” to do so. When Professor Eddington himself makes a 
“mental decision” to use Riemann’s geometry his behaviour seems to be 
more closely connected with experiments on the speed of light than wiffi 
statements about a priori space perception. 
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In some of his experiments Pavlov made dogs secrete saliva by repeated 
stimulation, at regular intervals. In certain circumstances they would con¬ 
tinue to do so at regular intervals, when no external stimulus was applied. 
A philosopher might say that they have a sense of time, and nothing which 
introspective philosophy can tell us about the “five senses” can throw any 
further light on how they get it. We can now connect the dog’s perception 
of time with other things about a dog’s make-up, because we know that 
proprioceptive sense organs, which register the relatively quick movements 
of the heart and the relatively slow pulsations of the bowel, the bladder, and 
other organs with a muscular rhythm, are stimulated at regular intervals 
like the ear of a dog, when an alarm clock is set to ring every ten minutes. 
The sound of an alarm clock may be made the conditioned stimulus for 
salivary secretion, if food is given to a dog, whenever the dock rings. If it is 
timed to ring at regular intervals, response wiU eventually recur at regular 
intervals when no food is given. If a repetitive stimulus which normally 
exeites salivary secretion is timed to take place whenever the pt musde 
contracts, stimulation of the proprioceptors of the pt will coindde with the 
unconditioned stimulus. From ffiis point of view the proprioceptors of the 
pt and its own muscular rhythm take the place of the dog’s ear and the 
alarm dock set to ring every five minutre. The dog’s a priori perception of 
time is its proprioceptive recognition of its own muscular movements. 

How human behaviour depends on characteristics of the human brain 
and sense organs such as those which have been outlined in this chapter is 
the least important contribution of biology to a sdentific study of human 
nature. Its most important lesson is the danger of self-deception when we 
assert our daims to self-knowledge. Human behaviour has many peculiarities 
which we cannot connect with any characteristics of behaviour in other 
animals, or with anything we as yet know about the properties of the nervous 
system. It may be more profitable to study how different characteristics 
of human behaviour are connected with one another than to study how 
they are connected with the process of nervous co-ordination. In that sense 
psychology is a study in its own right, and most psychologists are behaviourists 
nowadays. It is raffier a pity that die word hehaviourim has become identi" 
fied willi a school of psytiologists who pay more attention to the common 
characteristics of animal and human behaviour than to the spedal charac- 
teristies which distinguish human behaviour from that of other creatures. It is 
possible that we might find out more about how babies learn to talk if we 
first discovered how parrots can be taught to talk; but it is not certain. What 
is certain is that we could not find out how parrots leam to talk by asking 
them; and it is at least likely that we shall not leam much about how children 
learn to talk by the same method. 





CHAPTER XXIII 


NATURE AND NURTURE 
Superstitions oj Our Own Time 

“Until lately,” says J. L. Gray in his book The Nation’s Intelligence^ “man 
was regarded pre-eminently as the ‘knowing agent,’ the province of know¬ 
ledge being external to him. The decline of this anthropocentric view is 
associated both with the rise of rationalism and humanitarianism and with 
the expansion of organized social and economic activities. At a time when 
the growdi of capitalist enterprise in democracies with rapidly increasing 
populations called for new knowledge concerning men as workers and 
citizens experience in the physical and biological sciences had already sug¬ 
gested that human behaviour itself be explicable in terms of orderly observa¬ 
tion and inference.” 

We have now seen how biological progress in the social context of tele¬ 
graphic communications weakened the traditional distinction between m 
external province of science and man the knowing agent of introspectionist 
philosophy. In the present state of knowledge it would be unwary, if not 
presumptuous, to undertake a conspectus of significant lines of enquiry into 
human nature. Till it is possible to approach the study of human behaviour 
as a history of human achievement, it is fruitless to express any opinion 
about the relative importance of the problems which occupy psychologists 
today. In historical retrospect many issues which claim the attention of 
contemporary psychologists may seem utterly trivial. Seemingly dull and 
unimaginative studies may be recognized as growing points for a luxuriant 
output of fruitful endeavour. Six thousand years elapsed between the deter¬ 
mination of the year of 366 days and the completion of the Ne\rtonian 
synthesis. The determination of the Sirius year was itself the cul^ation 
of centuries—perhaps mill ennia -— of painstal^g observation stretching back 
beyond the beginnings of a grain-growing and pastoral economy. While we 
welcome the fact that psychology has passed beyond the stage of mere 
Star-gazing, and is now beginning to make use of measurement and 
enumeration, we may also recall how little importance we now attach to 
the hypotheses with which the priestly pioneers of metrical star-lore were 
preoccupied. 

If any lesson has clearly emerged from this book, it is surely this. Con¬ 
temporary judgments upon the importance of new theories are ephemeral. 
The pre-eminent criterion of abiding achievements in the realm of theoretical 
science is their social fruitfulness, and this we can only recognize in retrospea. 
The army of science marches like that of Napoleon, on its belly. If we are 
permitted to make a plausible guess about the future of psychology we can 
only venture the suggestion that the growing points of modem psychology 
lie in the recorded observations undertaken to meet a specific social demand. 
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The social demand for detailed observation on factory welfare and efficiency, 
busmess advertisement, native administration, the prevalence of mental defect, 
urban neurosis and falling fertility has promoted the foundation of new 
institutes for disciplines variously called industrial psychology, psychiatry, 
anthropology, demography, and so forth. The demand for such knowledge 
has been prompted by the conflict of opposing tendencies within the frame¬ 
work of capitalist civilization—missionary effort and imperial exploitation, 
philanthropic enterprise and the burden of taxation for the upkeep of institu¬ 
tions for the sociaUy defective, the need for universal education at a high 
level of industrialization and the determination to maintain the social prestige 
of privileged occupations. 

It may be too early to judge how far the new humanistic studies are destined 
to progress without the further impetus of a new social economy or the 
contribution of a new personnel. What we can say at present is that some 
genuine advance has been made in amassing detailed observations, and 
that no co-ordinating principles, analogous to those of the more advanced 
departments of science, have as yet emerged. Problems arising in connexion 
with social institutions, educational technique, backward races, industrial 
efficiency, delinquency, and population converge at one common focus of 
interest. This may be called the problem of nature and nurture. In general 
terms it may be stated thus: to what extent and in what circumstances do 
the observed differences between the social performances of human beings 
depend on a different equipment of genes or different circumstances to which 
the individual reacts at some stage after the fertilization of the ovum? This 
question impinges on the correct interpretation of nearly every class of 
problems which engage the attention of students of behaviour, and since 
it is prompted by conclusions derived from rigorous experimental studies on 
livmg organisms, it is important for the student of human nature to grasp its 
implications clearly. Our concluding chapter will be devoted to an examina¬ 
tion of them. 

For the social roots of the Nature-Nurture problem we need not go farther 
back than the intellectual ferment of the French Revolution. Issues of social 
status in the earlier Protestant democracies were contested against a more 
primitive background of belief. The Reformers were a chosen people. 
Augustine’s doctrine of predestination, supported by St. Paul’s assertion 
that an omniscient deity foreordained who should be predestinated and only, 
called those who had been, was fitting to the temper of the Reformation 
straggle. During its first phase of piracy and slave-raiding English and Dutch 
colonial policy was reassured by the scriptural curse on the descendants of 
Ham. At the beginnings of the seventeenth century a Dutch divine, 
Arminius, gatliered around him a small following favourable to the Pelagian 
heresy that salvation is an act of free choice, and supported this conviction 
with scriptural testimony quite as unequivocal as that of its opponents. 
In Holland Calvinism remained the official creed of the richer merchants, 
who adhered to the Reformed persuasion. In contemporary England it 
received support from the Laudian Churchmen who were antagonistic to the 
new plutocracy. During the eighteenth century Wesley’s doctrine of free 
grace carried on the Oxford tradition of Wycliff’spoorpriests and the Laudian 
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Churchmen. A mass movement, which coincided with the declining inliueuce 
of the merchant princes, was the signal of a humanitarian revival rooted in 
the belief tliat all men are eligible for salvation. The abolition of slavery in 
the British possessions was one act of a drama which unfolded witli the 
impeachment of Warren Hastings by Burke. That Burke became a vehement 
antagonist of the Jacobins reminds us how Htde tlie peculiarly religious 
ideology of the Industrial Revolution was fostered by the influence of 
secularist controversies on the continent. English humanitariamsm was led 
by men and women who had come under the influence of the Quakers and 
the Methodist Revival 

French humanitarianism, on tlie other hand, was essentially secular, and 
as such more closely reflects the stage wliich biological science had then 
reached. The class structure of pre-revolutionary France was far less flexible 
than that of England where nobles had invested and merchants had been 
knighted from the beginnmgs of the wool trade with the Low Countries. 
The divine right of British kings had been settled once for all by a decisive 
experiment in 1648, The maintenance of the French nobility as a caste, by 
social and legal conditions of marriage, carried with it the doctrine of fixed 
estates, ordained by providence. Against a gratuitous assumption which 
placed the majority of Frenchmen under the same curse as Ham’s descen¬ 
dants, the forerunners of the French Revolution advanced the doctrine of 
natural rights^ associated especially with tlie name of Rousseau. The doc¬ 
trine of natural rights rested on tlie assertion that social organization 
involves an implicit undertaking on the part of human beings to satisfy 
their common needs. This so-called “social coniracf has been rightly ridi- 
Guled in so far 'as it was put forward as a satisfactory description of the 
psychology of social evolution. None the less, it embodied the important 
truth that no public symposium on social conduct is possible, unless indi¬ 
viduals who participate forgo supernatural and egotistic ckiims for preferen¬ 
tial treatment, and recognize tliat the satisfaction of common needs is the only 
rational basis for co-operative activity. A corollary to the social contract, that 
the different political privileges which men enjoyed have no basis in their 
inborn aptitudes, has been criticized with less regard for what the authors 
of the doctrine stated. Rousseau’s views are expressed with the utmost clarity 
at the beghming of his essay entitled The Origin of Inequality', 

I conceive that there are two kinds of mequality among tlie human species: 
one, wliich I call natural or physical, because it is established by nature and 
consists in a difference of age, liealtli, bodily strength, and tlie qualities of the 
mind or of die soul; and another, which may be called moral or political in¬ 
equality, because it depends on a kind of convention and is established or at 
least authorized by die consent of men. This latter consists of the different 
privileges wliich some men enjoy to the prejudice of odiers, such as that of 
being more rich, more honoured, more powerful, or even in a position to 
exact obedience. It is useless to ask what is the source of natural inequality 
because that question is answered by the simple definition of the word. Again 
it is still more useless to enquire whether there is any esstmtial cdnnexion between 
the two inequalities; for this would be only asking in other words, whether those 
who command are necessarily better than those who obey, and if strength of 
body or of mind, wisdom or virtue, are always found in particular individuals 
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in proportion to their power or wealth; a question fit perhaps to be discussed 
by slaves in the hearing of their masters but highly unbecoming to reasonable 
and free men in search of the tmtii. 

Since there is a fashion of referring to the “mystical equalitarianism,” of 
the French Revolution, it may be pointed out that Rousseau himself does 
not depart a hairsbreadth from the established biological knowledge of his 
own time or that of the ensuing century and a half. Indeed, his choice of 
words shews more discrimination than that of softie biologists still living. 
It is admittedly true that some of Rousseau’s successors expressed views 
which would now be regarded as giving undue emphasis to the effect of the 
environment and too little attention to the genetic equipment of the indi¬ 
vidual. On the other hand, it is an error to suppose that the earlier socialists, 
whose views on economic equality are traced to the influence of the French 
materialists, embraced th& tabula rasa as held by some of the educational 
reformers of the same period. For instance, Robert Owen expressly repudiated 
any mystical views about individual differences. 

“The organization of no two human beings is ever precisely the same at 
birth,” he writes in The New Moral World, “nor can art subsequently form any 
two individuals from infancy to maturity to be the same. . . He adds, 
“nevertheless, the constitution of every infant, except in case of organic disease, 
is capable of being formed or matured either into a very inferior or very superior 
being, according to the qualities of the external circumstances allowed to influ¬ 
ence that constitution from birth.” 

In the language of his own time this was an optimistic way of saying lhat 
the existence of genetic differences does not entitie us to set any future limit 
to the educability of the individual. We may correlate observed genetic 
differences with limits of educability in response to existing methods of 
education. We cannot say how far those limits may be altered by an extensive 
change in our methods of education. So soon as we do so we commit ourselves 
to what Jennings calls “the fallacy that showing a characteristic to be heredi¬ 
tary proves that it is not alterable by environment.” 

The common sense of Rousseau and of Owen appears all the mop com¬ 
mendable if we compare their views with those of the leading biologists 
during the reaction which followed the death of Robespierre. During the 
first two decades of the nineteenth century the French evolutionists coricocted 
a doctrine which is devoid of any plausibility as a science hypoteis,pnd 
may now be consigned to the museum of extinct political rationalizations. 
The Lamarckian teaching, as it is called after its prindpal protagonist, set 
forth two propositions. One was that animals possess a will which continually 
spurs them on to more strenuous efforts, the results of which accumulate in 
their offspring. Perhaps because Lamarck’s followers declined to atomach 
a vegetable will, the Lamarckian view of evolution was also supplemented 
by a second or vegetative process of passing from parent to offspring the 
direct effect of the environment on the body of the parent. ^ ,.. . , 
It is sometimes said tliat Lamarck’s views represent beliefs which had 
always prevailed among biologists from Aristotle to his om tme. Smee 
most superstitions can be une^ed in the works of Aristotle, this may be 
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tine. What requires an explanation is why Lamarck took so much trouble 
to elaborate and define a doctrine which ceases to be credible when it is 
stated in explicit, terms, and why it was widely accepted by his contem¬ 
poraries. Perhaps the answer is that the political deductions to be drawn 
from it invested the privileges of the wealthy with the verisunihtude of natural 
law. According to the Lamarckian view, social and biological evolution are 
co-extensive and interdependent processes. So the existence of social classes, 
like the classes of the taxonomist, reflects the accumulated advantages 
of thrift, perseverence, and a beneficent environment. In fairness to Lamarck, 
St. Hilaire, and those who embraced their doctrine, it shodd be recog¬ 
nized that some zoologists still regarded the sperm as a parasitic orpnism, 
otliers professed to detect the complete homunculus within it, while pre- 
formationists, who taught diat the egg was a miniature adult complete in all 
its parts, were still vocal In this setting it was not difficult to persuade 
oneself that biological and legal inheritance resemble one another as closely 
as the conventions of English spelling suggests, or that parents do, in fact, 
hand on their noses to their offspring in much the same way as they hand 
on their belongings. 

The discredit of a doctrine so plausibly adapted to the maintenance of 
social privilege was not accomplished till the compound microscope had 
revealed the details of sexual union in animals. The challenge which Weis- 
mann issued to the Lamarckian doctrine immediately followed the work of 
Boveri and van Beneden, the first zoologists to discover that the only neces¬ 
sary contribution of the male parent to tlie hereditary make-up of its offspring 
is the chromosome complex of the sperm. These discoveries have been 
summarized in Chapters XVII and XXI, where we have seen that our 
parents do not endow us with characters. They endow us with genes which 
cannot carry their cheque books into the next life. Although some time 
elapsed before biologists were reconciled to a 100 per cent death duty on 
improvements to surgical property, experimental biologists are now agreed 
that Weismann performed a genuine service when he pointed out that the 
state of death claims all our accumulated anatomical earnings. Since Weis- 
mann’s time experiments published by the few survivors of the Lamarckian 
tradition have been repeated again and again with contrary results. The 
clock-like regularity with which a new experimentum emu has been de¬ 
molished by subsequent enquiry has deprived the issue of further interest. 
The evolutionary controversy then at its height in England and Germany 
gave the problem of nature and nurture a new interest and a new bias. The 
Descent of Man from a stock of arboreal mammals implied a fundamental 
unity in the mechanism of human and animal behaviour. Inevitably the 
opposition which this view encountered sometimes tempted its supporters 
to emphasize shnilarities rather than to probe differences. 

The genes which an individual receives determine what sort of neuro¬ 
muscular organization it will develop in its usual conditions of growth. 
Certain features of neuromuscular organization are characteristic of the 
individuals of a species or genus and as such depend on idiosyncrasies of what 
we should now call the gene complex of different species. Broadly two kinds 
of difference in the neuromuscular organization of different species may be 
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distinguished. One includes differences in the character of relatively stable 
responses to external influences, as, for instance, whether bodily orientation 
is mainly determined by light or gravity, and if by the latter whether it is 
positively or negatively (see p. 1032). The other includes differences 
in the extent to which the pattern of behaviour is modifiable by previous 
experience, as, for instance, a difference between sheep-dogs and snails. 
Pure lines of individuals, distinguished by their normal responses to light 
or by their ability to learn how to thread a maze, have now been separated 
within the limits of a single species, There is therefore no obstacle to the 
conclusion that inter-specific behaviour-differences have arisen by selective 
survival of mutations which turn up within the confines of a single species. 

In Darwin’s time such enquiries had not been undertaken. Studies on 
animal behaviour had been cliiefly concerned with elucidating differences 
of the first type, and biologists were less alert to the difficulties of detecting 
genetic differences affecting the educability of animals. Galton, whose Inquiry 
into Human Faculty focused attention on the problem of the contribution 
of heredity to differences of human behaviour, showed himsdf to be aware 
of the difficulties when he wrote— 

Man is so educable an animal that it is difficult to distinguish between that 
part of his character which has been acquired through education and that 
which was in the original grain of his constitution. 

THE SOCIAL BACKGROUND OE EUGENICS 
The light-heartedness with which his followers shouldered the difficulties, 
which Galton himself recognized, is less perplexing when we consider the 
material and intellectual context in which the “eugenic movement” started. 
In the material context of the Darwinian controversy the geographical aspKt 
of evolution was the predo mina tin g issue. Naturalists were specially in¬ 
terested in patterns of behaviour which distinguish animals living in different 
territories, and such differences are mainly dependent on the heredity 
equipment characteristic of a species. Being at the same time preoccupied 
with defending the doctrine of human descent from an anthropoid stock 
they were not encouraged to examine the credentials of analogous beliefs 
about human beings. Contemporaneously the exploitation of peoples at 
retarded culture levels powerMy influenced the intellectual temper of a 
period which witnessed the abolition of negro slavery in America and an 
unprecedented, if unobtrusive, expansion of the British Empire. 

Thus it was that the “missing link” provided the occasion for one of the 
most heroic sociological exploits of anatomical science. There is an account 
of the incident given m Dr. Haddon’s History of Anthropology. Three years 
after The Origin of Species was published Dr. James Hunt, President of the 
Anthropological Society, read his paper on “The Negro’s Place in Nature.’ 
In it he maintained that “the analogies are far more numerous between the 
ape and the negro than between the ape and the European.” In 1866 he re¬ 
corded a further contribution to the detection of the missing link by asse^g 
that “there is as good reason for classifying the nepo as a ffistinct species froin 
the European as there is for making the ass a distinct species fromthezebra. 
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In this discussion Hidey gave the exponents of the missing link a half¬ 
hearted support tempered somewhat by his humane and sceptical disposition. 
An obituary notice of Dr. Hunt in a New York paper announced in 1870 the 
“Death of the Best Man in England.” Sixty years after the pubUcation of 
Hunt’s first communication, a leading American anthropologist, Professor 
Kroeber, summed up the present state of knowledge in the following terms: 

The only way in which a decision could be arrived at along this line of 
consideration would be to count all features to see whether the Negro or 
Caucasian was the most unapelike in the plurality of cases. It is possible that 
in such a reckoning the Caucasian would emerge with a lead. But it is even 
more clear that which ever way the majority fell, it would be a weU-divided 
count. 

To many of Darwin’s contemporaries Natural Selection was at once a suffi¬ 
cient justification for reviving tiie Calvinistic curse on the descendants of Ham 
and an alternative to Lamarckism as a plausible rationale for the inherent 
superiority of the newly enriched manufacturer and entrepreneur. The 
distaste of the latter for undertaking obligations accepted by an older aris¬ 
tocracy was reassured by such pronouncements as the ensuing passage 
written in 1876 by St. George Mivart, a noteworthy zoologist, who defined 
natural selection as a process 

which under bracing climates, rough living, and absence of medical aid (is) 
beneficial to a community however fatal to individuals by killing off wealr 
members and reducing to a compact community of hardy and vigorous 
survivors. 

By the end of the nineteenth century the demand for educational exp^- 
sion, sponsored in the early stages of indus tiialization by a social class which 
was largely excluded from the older seats of learning, had become a cMenge 
to their privileges as a new hereditary caste. Gallon’s plea for a science of 
eugenics to study "those agencies under social control which may improve 
or impair the racial qualities of future generations” bore fruit in a movement 
for obstructing the general enlightenment of mankind. Eugenics became 
identified with a system of ingenious excuses for combating the amelioration 
of working-class conditions. This temper is well illustrated by the following 
quotation from Dr. Schuster’s Eugenics, one of the first books on the subject 
to appear in this country: 

The London County Council sets up educational ladders In all parts of the 
Metropolis, but finds it difficult to get boys to go up them. The number of 
children in the schools maintained by the rates who are bright enough to 
make it worth while to give them the scholarships provided: by the London 
ratepayer is hardly enough to fill them, No difficulty is experienced in filling 
those at the PubliC; Schools or the Universities with boys of a very respectable 
;evel of intelligence, whose fathers belong mostly to the professional classes. 

A quotation kom The Pamtly and the Nairn hy the Whethams illustrates 
thesamebias; 

Better that an able carpenter should develop slowly into a small builder 
leaving six tall sons to play tlieir part manfully and, perchance, rise one step 
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more, than that he should be converted by a County Council Scholarship into 
a primary schoolmaster, or second-grade Civil Service clerk. . , . They were 
good sociologists as well as good divines who taught “to learn and labour 
truly to get mine own living, and to do my duty in that state of life into which 
it shall please God to call me. . . .” Scholarships have their dangers when used 
to raise those who win them too suddenly and completely out of their natural 
class. . . . In the matter of education there is a tendency to attribute far too 
much effect to outside and expensive environment and to day too little stress 
on heredity and the traditions of the family. . . . (Italics inserted.) 

The intervention of the deity in this passage suggests that it is intended 
as a pious reflection rather than the disclosure of a scientific discovery. Dr. 
Whetham and his wife envisage limits to the blessings of competition. 

The policy of competitive examination, when driven to excess, has resulted 
in closing partially the doors of various honourable professions to those who 
in due course of time would have been best fitted to excel in them. During the 
last two centuries the landed and official classes could be certain of obtaining 
for many of their sons posts in which, at all events, a living wage was secure, 
Now tlie posts are filled by competitive examination from a wider sphere. . . 

The same authors sum up the eugenic diagnosis of the national education 
problem thus: 

Our public and elementary schools have been much to blame, the one in 
tlmt tliey failed to modify tlie type of education to suit tlie altering conditions 
of national life, the other that they tended to depreciate manual activity and 
craftsmanship, and over-supplied tlie ranks of the clerks and penmen. The 
great public schools go on training their boys chiefly in classics and ancient 
literature, when the demand has been for men of science, for econonoists, 
engineers, and scientific agriculturalists, of the same class and breeding as the 
men supplied by the public schools. The classically trained men have difficulty 
in finding openings in after life, owing to their type of education. The mm educated 
scientifically in schools qf other types are often rejected because their heredity 
and training leave them unfit to deal with mm, especially with workmm, foreigners, 
and natives. Moreover, from the employer^ point of view, they often lack the 
guarantee of character and the intuitive sense of masterfulness that are the usual 
concomitants of the man of good family. ... {Italics merttd.) 

A quotation fi:om Major Darwin’s book, Eugenic Reform, may reinforce the 
suspicion tliat eugenic propaganda has been motivated less by a disinterested 
concern for the advancement and application of scientific knowledge than 
by the resentment of a certain section of the privileged class towards the 
disconcerting results of competition arising out of the extension of educa¬ 
tional opportunities. 

“It may be suggested,” writes Major Darwin, “that the award of scholar¬ 
ships would result in the picking out of the best of each social elassj and that 
by thus giving advantages to a selected few over their early associates, they would 
be made more likely to marry with eugenic consequences. This beneficial effect 
of scholarships is, however, in my opinion, likely to be outweighed by influeiices 
acting in the opposite' direction. . . . .Scholars certainly form a carefully 
selected and valuable group of the community, and if it be true that on the 
whole scholarships tepd to diminish the fertility of their recipients, their award 
must be held to produce eugenic consequences. To aid a few exceptional 
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persons to mount to the top of the social ladder by the award of valuable scholar¬ 
ships would probably be less handful to the race than to aid a larger number of 
persons to climb up a single step by the award of many minor scholarsliips, . . . 
There is, however, yet another side of this question which has to be taken into 
account, and that is the effect of the award of scholarships to members of a 
lower stratum on the fertility of potential parents belonging to the higher strata 
into which these selected scholars would enter as recruits. The effect on potential 
parents of any increase in competition from outside their own social stratum 
must be to make them feel less secure in regard to the prospects of any children 
they might have in the future, and this feeling of insecurity would tend to make 
them less fertile. Hence the award of scholarships tends to produce infertility 
not only in the social stratum primarily affected, but also in all the strata 
above it. And the only complete remedy for the harm done by scholarslups- 
and also by educational facilities generaUy-in promoting infertility by facih- 
tating the transfer between classes would be by the introduction of a caste 
system so rigid as to prohibit all movement between the different social 
strata. . . .” 

Another issue which helped to thrust the problem of nature and nurture 
into the foreground of social controversy was the emergence of new social 
machinery for dealing with a special class of human behaviour. In the 
eighteenth century the idiot and the lunatic were objerts of derision and 
abhorrence, roaming at large or confined in conditions similar to the worst 
jails of the time. In England and America their condition was forced on the 
attention of the legislature by the growth of humanitarian sentiment the 
yytgftfinps of urban concentration. Those who took an active part m pro¬ 
moting new institutions for the care of the mentally defective or deranged 
were generally inspired by a philanthropic zeal which drew little inspiration 
from scientific knowledge. The Mowing quotation given in Penrose’s book 
onT/ifi Mental Defectwe conveys an attitude which was commonly accepted 
by them. It is taken from one of the earliest reports of Park House, Highgate, 

the first asylum for “idiots” in Great Britain; 

We ask that he may be elevated from existence to life—from animal being to 
manhood—from vacancy and unconsciousness to reason and reflection. We ask 
that his soul may be disimprisonedj that he may look forth from the body witli 
moaning and intelligence on a world M of expression; that he may, as a 
fellow, discourse with his fehows; that he may cease to be aburden on society, 
and become a blessing; that he may be qualified to know his Maker, and look 
beyond our present imperfect modes of being to perfected life in a glorious and 
everlasting future! 

No form of piety has done more to discourage the study of how in^ttidual 
conduct is moulded by its surroundings than the faith that providing a 
“good” environment is the way to produce a “good” character. When the 
course prescribed by the pious founders of the new institutions failed to 
reinstate the victims of their benevolence as acceptable mmbers of society, 
opinion swung to the opposite extreme. The naively optimistic view that 
defective neuromuscular development can be cured by kindness prepared 
the way for a fatalistic insistence on sterilization as a panacea for social 
betterment, and the voluptuous enthusiasm with which the Eugenic move- 
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ment espoused the cause of mutilation is attested by a flood of literature too 
copious to merit citation. 

The truth is that the new fashion had as little foundation as its predecessor 
in firmly established scientific knowledge. In different departments of social 
discussion both views continue to flourish. Educational reformers with 
radical views often justify them by arguments which suggest that cater¬ 
pillars of the cabbage butterfly will take to a mixture of pollen and honey. 
Their opponents appear to hold that Newton would have written his Principia 
if he had been born in Tasmania. 

While recognizing the cross currents of prejudice in the social background 
of the Nature-Nurture problem we need not fall into either of two errors, 
which are all too common. One is the naively rationalistic view that science 
only advances in an atmosphere of complete detachment from social objec¬ 
tives. The other is the adolescent delusion that beliefs are necessarily wrong, 
if persons who hold them are encouraged to do so by unworthy considera¬ 
tions. The truths of science are recipes for human action, and science flourishes 
when it is actively ministering to social needs. It advances conspicuously in 
periods when men and women are actively engaged in rational endeavour to 
change their social environment, and is held back when those who partici¬ 
pate in it are too anxious to find rationalizations for privilege or political 
strategy. The complete detachment sometimes associated with an idealized 
scientific worker is not an attribute of human behaviour. New social cir¬ 
cumstances conspire to focus interest on new problems and on fresh 
aspects of old ones, or to deflect enquiry from fruitful themes which 
might well be pursued—and endowed—if human beings were always reason¬ 
able, considerate, uniformly curious and unselfish. Since human beings 
are not always reasonable, considerate, uniformly curious and unselfish, 
they are generally compelled to pursue the search for truth within limita¬ 
tions which self-interest or the intercsis of a narrow social group impose. 
One social economy will tend to encourage some lines of enquiry neglected 
by another. Conversely it may neglect a type of research encouraged else¬ 
where or at another time. So also the social upbringing of the scientific 
worker helps him to concentrate on some aspects of the manifold reality 
or makes it difficult for him to recognize truths easily accessible to mediocre 
powers of observation and inference. 

THE MMNINO OF “NATUM AND NlffiTURB’’ 

A large body of data dealing with the influence both of nature and of 
nurture has accumulated since Mendel, Darwin,'Weismann, Galton, and 
their generation first discussed these questions. We are now able to be more 
dear about what we mean by differences due to genes and differences due 
to environment with greater predsion. That is to say, we can state in what 
situations such differences can be distinguished. Two examples from the 
sdentific study of animal breeding will clarify the distinction. 

If chickens are fed on yellow com or given green food, we can distinguish 
between some varieties which breed true for yellow shanks and others which 
breed trae for colourless shanks. This h n genetic d^erme. Crosses between 
2L 
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such varieties, when all the progeny are fed on yellow corn or given green 
food, yield numerical ratios of the two types in confonnity with Mendel’s 
principle. If chicks of the variety with yellow shanks are fed exclusively 
on white com they grow up with colourless shanks. The difference between 
a fowl of the yellow variety fed on yellow com and a fowl of the same variety 
fed on white com is a diffei'ence due to moiromnent. If we crossed fowls of 
the yellow variety with fowls of other varieties, giving some of the. progeny 
yellow corn and others white com, we could not expect to obtain constant 
numerical ratios such as Mendel’s principle prescribes. If two poultry farms, 
both using yellow com for food, specialized respectively in birds with blade 
plumage and yellow shanks and in birds with barred plumage and white 
shanks, we should caU both differences genetic differences. If both farms 
decided to use white com, we should only be able to recognize the plumage 
difference as a genetic difference. If both farms varied their procedure quite 
promiscuously, we should not be able to tell whether the difference between 
one bird with yellow shanks and another bird with colourless shanks was a 
genetic difference or a difference due to environment. 

Rabbit husbandry provides another illustration of the same issue. Some 
rabbits deposit yellow fat when fed on green-stuff's. Most rabbits have white 
fat, whether given greens with their food or not. Yellow fat is a serious 
carcase defect from a commercial point of view, because purchasers object to 
it. Rabbits which have white fat when fed on green food possess a liver 
enzyme which breaks down xanthophyll, thus preventing it from reaching 
the fat deposits. Rabbits which deposit yellow fat lack this enzyme. Michael 
Pease has shown that when rabbits of both kinds are crossed and back- 
crossed, the absence of the enzyme behaves like an ordinary “recessive 
character.” It is only recognizable as such if the rabbits are given green food 
containing the yellow pigment. In a group of rabbits of both types we can 
recognize the gene difference by giving them aU green food. In that case die 
biological environment is neutral and the gene difference is the isolate which 
we are investigating. If none of our rabbits possesses the enzyme which 
breaks down xanthophyll, we can make their fat white by feeding them 
on mash and potatoes, or yellow by feeding them on mash and cabbage. 
The genetic constitution is then neutral, and the biological environment is 
das isolate of the investigation. The practical breeder has therefore two 
remedies from which to choose. He may put the blame upon the biological 
environment and cut off the supply of green food. He may put the blame upon 
heredity and breed for white fat. 

In the practice of medicine the same choice may confront us. In some 
situations the doctor can put the blame for a particular disease on heredity 
and in others upon environment. An exact biological parallel to cretinism, 
a disease included under the general term amentia (idiocy, imbecility and 
feeble-mindedness), iUusttates this very clearly. Cretinism is a condition of 
stunted growth and a childish level of intelligent behaviour. It ttums up 
occasionally in all communities, and is specially common in certain localities. 
For this reason doctors sometimes distinguish between a sporadic and an 
endemic type of the disease. In the same way we may distinguish between 
genetic and eco/o^ical neoteny in Amphibia. Qetinism is due to insufficient 
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quantity of the iodine compound manufactured by tlie thyroid gland. 
Insufficiency of the same hormone in Amphibia prevents the aquatic tadpole 
from transforming into the terrestrial adult. This may be because the thyroid 
gland is incapable of doing its proper work, but even when it can do so, it 
cannot make thyroxine without iodine. So if tadpoles are kept in water with 
no trace of iodine and fed upon a diet free of iodine compounds, they fail to 
transform into frogs. 

The European salamander normally completes its development and breeds 
in the adult form. In certain mountainous districts, where endemic cretinism 
is reported among human beings, the newts commonly fail to undergo meta¬ 
morphosis, or do so after great delay. This is probably because the iodine con¬ 
tent of the waters in which they live is low. A similar explanation does not 
apply to a local race of the American salamander {AmUystoma iigrinum) in 
the neighbourhood of Mexico City. Individuals belonging to this race never 
grow up. Though they breed from generation to generation in the aquatic 
form, they will grow into the terrestrial salamander if fed on thyroid gland, 
and they will not do so if given iodine compounds. They possess a thyroid 
gland which does not release its secretion into the circulation. Failure to 
undergo metamorphosis in the presence of sufficient iodine sometimes 
occurs sporadically in the Colorado variety among individuals living side 
by side with others which complete their development, but the Mexican 
variety breeds true for its inability to undergo metamorphosis when kept in 
aquaria with access to an abundance of iodine compounds. 

Human beings do not hatch out as free-swimming larvae in fresh water. 
They spend the first nine months of their lives nourished by the maternal 
ciredation. A human foetus which receives its nourishment from a mother 
whose thyroid secretion is deficient is therefore analogous to a tadpole reared 
, in iodine-free water with food containing little iodine. It is important to 
remember this, because the term “environment” is sometimes circumscribed 
by a false delicacy. In the discussion of “mental inheritance” the term 
‘environment is sometimes equated to training, and even to training at so late 
a stage as when school education begins. This is very misleading. The fact 
that a condition is congenital provides no presumptive evidence for the 
view that differences of environment play little part in its occurrence. At 
the time of birth a human being has already completed about nine months of 
its existence as a separate individual. During that time its environment is 
the womb (uterus) of its mother, and her physical condition is relevant to 
the sort of environment in which the most formative stages of develop¬ 
ment occur. The fact that a disease is congenital is compatible with three 
possibilities: that genetic differences account for its occurrence, that it is 
determined by idiosyncrasies of the uterine environment, or that both 
these agencies play their part in its manifestation. Several things point to 
the importance of studying the influence of the uterine environment upon 
the characteristics of individuals. One is the high incidence of certain 
conditions among firstborn children. Another is the high incidence of 
various malformations among offspring of women approaching the end of 
the child-bearing period. 

A previous example to illustrate the meaning of a genetic difference drew 
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attention to a distinction which is of fundamental importance both for the 
theory and practice of medicine. In contrasting variations in plumage colour 
with the colour of the shanlts we are not separating a class of phenomena 
to which the Mendelian principle applies from a class of phenomena to 
which it does not apply. We are distinguishing between a class of phenomena 



Fig. 480.—On the Right, Axolotl, Larva of Mexican Salamander. On the 
Left, Same Six Weeks After Feeding with Thyroid Gland-It has Now Assumed 
the Adult Form 

which are easy to study and a class of phenomena which demand more careful 
control of the environment. There is no hard-and-fast line between the two. 
Genetic differences which distinguish plumage colour in fowls are recog¬ 
nizable over a very wide range of environment. This does not mean that they 
are just as big in every environment which human ingenuity can devise. The 
difference bety?een the pure black plumage of the Langshan and the mottled 
plumage of the Light Sussex is a genetic difference. By thyroid feeding, the 
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extent of the black areas in the Light Sussex can be very considerably 
extended. In short, no statement about a genetic difference is clear, utikss it 
includes or in^lies a specification of the environment in vihich it manifests itself 
in a particular manner. 

Characteristics of organisms are the result of interaction between a certain 
genetic equipment contained in the fertilized egg and a certain configura¬ 
tion of extrinsic agencies. The last include the conditions of life in the 
human uterus and the external environment in which man’s social existence 
is canied on. Differences between individuals may arise from differences 
in the kind of genes present in the fertilized egg and from differences in 
the uterine or post-natal environment. Differences of the first kind, that 
is to say, differences due to a different equipment of genes, may be of two 
types: (1) differences which are recognizable in almost any environment In 
wWch the fertilized egg will develop and continue to growj and (2) differ¬ 
ences which are only manifest within a fairly restricted range of environ¬ 
ment. In the human species examples of the first type are the difference 
between a haemophiliac (bleeder) and an adult whose blood coagulates in the 
normal way, or between an amaurotic family idiot and an ordinary infant. 
Medical examples of the second type are less easy to dte because they are less 
easy to detect. That does not mean that they are less numerous. Probably 
the best case is the tjfpe of mental defect called Mongolism, Whatever gene 
differences are involved in the appearance of this condition appear to require 
a special pre-natal environment to make them recognizable. 

The distinction between the two classes is of the utmost importance from 
a preventive point of view. When we have to deal with the first, we can 
readily determine the type of transmission involved, and if we know it, we 
can estimate the rate at which affected individuals can be eliminated by 
discouraging parenthood. It is more difficult to determine the method of 
transmission when a disease belongs to the second class. Unless affected 
individuals are extremely rare, it is rarely possible to do so, and only so 
if we can specify with some precision the kind of environment in which 
the manifestation of the gene is recognizable. So we cannot give a certain 
answer to the question: what would be the result of selective interference 
with parenthood? Usually we could deal with the matter without recourse 
to selection, if we had the kind of knowledge which tells us how much 
effect selection would achieve. For instance, we know sufficient today 
about the way in which people get cholera to study the genetic factors 
involved in susceptibility to the disease among a group of individuals 
equally exposed to the danger of contracting it. The fact that we have 
the knowledge to study the problem is the reason why it is of no pctical 
importance to do so. To understand the environmental situation is to be 
able to control it. 

When we understand the modus operandi of the gene, we cm state the 
kind of knowledge we need in order to control the conditions in which its 
presence will be recognized. A Variety of the domestic fowl_ known as &e 
Frizzle has defective plumage. Frizzle crossbreds are characterized by curling 
of the feathers upwards and outwards. The puie-bred Frizzle remains prac¬ 
tically bare throughout its first year of life, appearing to be in a state of 
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perpetual moulting. It is extremely delicate and difficult to rear. When newly 
hatched, the down feathering is fragile and breaks off. The exposure of the 
skin so produced leads to a great loss of bodily heat from the surface, calling 
forth increased basal metabolism, increased heat production, increased heart 
rate, lack of fat deposits, and diminished haemoglobin content of the blood. 
American biologists have now studied the genetic physiology of this breed, 
and have shown that the pure Frizzle chick will develop a complete plumage 
over the whole body within three weeks, if protected from heat loss by 
enclosure in a woollen jacket and confined to a warm room. 

Thus knowledge of the way in which a single dominant gene substitution 
produces its deleterious manifestations teaches us how to prevent their 
appearance. Researches of this kind have emphasized three important 
conclusions. One is the need for defining the kind of environment in which 
a given gene substitution manifests itself in a particular way. A second is that 
one and the same gene substitution may be responsible for many and various 
manifestations, depending upon the Idnd of environment in which develop¬ 
ment occurs. In the ftuit Drosophila one gene is predominantly effective in 
the production of eye colour but has an accessory effect upon the wings. 
Another influences the number of bristles but has measurable effects upon 
at least a dozen other characteristics to a less noticeable extent. For con¬ 
venience we usually define a gene substitution by the most strilung effect 
wluch it produces in some specified environment or by the single effect which 
it produces in the widest range of environment in which its effects can he 
recognized. In reality no gene can be supposed to have a single and abso-, 
lutely specific effect. 

The effect of a gene substi,tution depends on all the offier genes with 
which it is combined. An example from the pathology of fishes will illustrate 
this. Two American biologists have recently made a study of intergeneric 
crosses between different varieties of two kinds of fish kept for ornament 
in aquaria. Their popular name is the Mexican killifish. Vaiieties of Platy- 
poscilm Met in possessing large black pigment cells, small black pigment 
cells, or no black pigment cells at all. In inter-specific crosses, the occurrence 
of the two kinds of black pigment cells can be shown to depend respectively 
upon a sex-linked and an autosomal dominant gene substitution. Crosses 
between the genus Xiphophorus and varieties of Platypoecilus having large 
black pigment ceUs result in the production iOf offspring with tumours. Thus 
a gene substitution whose effect is merely ornamental and, as such, of com- 
mereial value, when accompanied by one combination of genes, is definitely 
pathological in its effect in the presence of another. 

When we are dealing with gene differences which only manifest themselves 
within a very narrow range of environment, we may be able to recognize them 
as average measurements of individuals belonging to different stocks, even 
though we cannot decide whether an isolated individual belongs to one stock 
or the other. One of the most fraitfiil results of modern genetic analysis is the 
conclusion that a close system of inbreeding separates a mixed stock into 
genetically pur? lines. This is implicit in the marhematical form of Mendel’s 
principle, and has been abundantly proved to be true by such experimental 
work as that of Johannsen on beans and Helen Dean King on rats. So, when 
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the difference between two pure lines can only be expressed in terms of two 
average measurements for overlapping popffiations, it is liltely that indi¬ 
vidual variation in each stock is the effect of environment, unless the spread 
is of the same order of magnitude as the. errors of measurement. 

When we are studying animals in the laboratory we can arrange the 
conditions'of an experiment so as to isolate gene differences or differences 
due to environment for separate treatment. We can use a highly 
inbred stock of rats to find how body weight varies with the vitamin 
content of the food or whether they form tumours when the skin 
is treated with pentacyclic hydrocarbons. If we keep all our rats on 
the same diet, we can also separate pure lines with different gro^ 
rates and greater or less resistance to tumours. With human populations 
the unaided investigator cannot do this sort of thing, and when we 
speak of heredity or environment as more or less importani m connexion 
with any differences between human beings, our critmon of importance is 
relative to the historic environment in which the differmes themselves are 
measured. Two hundred years ago the majority of Englishmen ran the risk 
of smallpox infection. No doubt gene differences played a large part in 
deciding whether a particular Englishman succumbed to the disease or 
escaped. No biologist or clinician would argue that gene differences provide 
the main reason why modern Englishmen are less Hkely to get smallpox than 
their great-grandfathers or than Esquimaux communities at the present day. 
We have created an environment in which it does not matter either way. 
In the course of millennia it is not unlikely that European communities could 
evolve a high degree of immunity to smallpox through uncontrolled selective 
elimination of the less resistant. The African peoples have probably evolved 
their high immunity to malaria in this way. Thanks to human inventiveness, 
we have not had to wait several millennia to get rid of smallpox. 

Practical husbandry and scientific crop production provide various 
examples of how human valuations placed upon genetic differences are rela¬ 
tive to the environment in which they are recognized. In his book The Causes 
of Evolutimi Haldane cites two botanical illustrations. Engledow (1925) 
found that when two varieties of wheat known as Red Fife and Hybrid H 
are spaced at 2 inches by 2 inches, Red Fife yields the larger crop. At 2 by 
6 inches the yields are alihost equal, and at greater distances Hybrid H yields 
a better crop than Red Fife. Sax (1926) has compared the crop of two colour 
varieties of the bean. Generally the white of his experiments yielded a smaller 
crop, but in exceptionally favourable conditions theic yield was better than 
that of the coloured variety. So also at different temperature levels the 
white-eyed mutant of the fruit fly may be less or more viable than tlie wild 
(red-eyed) stock. Many of our best pedigree stocks of cattle arid garden plants 
would have no chance of survival in nature m competition with their less 
specialized progenitors, Their superiority for specific uses depends on the 
existence of a man-made environment 

The recognition of a genetic difference thus implies one of two things: 
(a) that the difference is one which manifests itself in ahnostany environment 
suitable to the survival of the individuals concerned, or (b) that we can 
reproduce the kind of environment in which it will be recognizable. The 
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last statement is illustrated by the improvement of livestock in die eighteenth 
century. This happened because the introduction of root crops made it 
possible to standardize methods of feeding. Thus Ernie (English Faming— 
Past and Present) tells us: 

Bakewell’s success and the rapidly increasing demand for butcher’s meat 
raised up a host of imitators. Breeders everywhere followed his example; his 
standard of excellence was gradually recognized. The foundation of the Smith- 
field Club in 1798 did much to promote the improvement of livestock. Some 
idea of tlie effect produced may be gathered from the average weights of sheep 
and cattle sold at Smithfield Market in 1710 and in 1796. In 1710 the average 
weight for beeves was 370 lb., for calves 50 lb., for sheep 28 lb., for lambs 
18 lb. In 1796 beeves had risen in average weight to 800 lb., calves to 148 lb., 
sheep to 80 lb., lambs to 60 lb. This enormous addition to Ae meat supply of 
the country was due partly to the efforts of agriculturists like Tull, Townshend, 
Bakewelljiand others, partly to tlie enclosure of open fields and commons which 
their improvements encouraged. On open fields and commons, owing mainly 
to the scarcity of winter keep, the livestock was dwarfed in size and weight. 
Even if the number of animals which might be grazed on the commons was regu¬ 
lated by custom, the stint was often so large that the pasture could only carry 
the smdlest animals. Where the grazing rights were unlimited, as seems to have 
been not unusually the case in the eighteenth century, the herbage was neces¬ 
sarily still more impoverished, and the size of the livestock more stunted. 
On enclosed land, on the other hand, the introduction of turnip and clover 
husbandry doubled the number and weight of the stock which the land would 
carry, and the early maturity of the improved breeds enabled farmers to fatten 
them more expeditiously. 

Just as centuries of experience in mining, dyeing, and medicine were 
necessary to clarify the concept of a pure sulsstance before theoretical 
chemistry could begin to flourish, centuries of experience in agriculture, 
stockbreeding, and horticulture preceded and contributed to the recognition 
of those so-called unit characters with which the pioneers of animal and 
plant genetics occupied themselves. Historically the recognition that certain 
characteristics regularly reappear in certain stocks and do not do so in others 
went hand in hand with the practical task of designing the most favourable 
conditions for their appearance. The geneticist makes his appearance when 
that task is accomplished, 

INHERITANCB IN HUMAN DISEASE 

■ The Stud-book method of Bakewell furnished the raw materials of the 
first and still the most successful discoveries about human inheritance. They 
were made by collecting family pedigrees of individuals with congenital 
deformities and diseases of the body. The data contained in pedigrees can 
yield valuable information, if the mutant genes responsible for an idiosyn¬ 
crasy exert their effect throughout a wide range of environment. It is then 
possible to apply numerical tests to detect their presence; and. a large list of 
physical conations pass the tests satisfactorily. Thus red-green colour 
blindness and haemophilia (inability of the blood to clot) are due to recessive 
genes located on the X-chromosome, albinism, alkaptonuria (black urine). 
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and a paralysis known as Friedreich’s ataxia are due to recessive genes, which 
are not located on the X-chromosome, brachydactyly (dwarfed fingers), and 
“lobster claw” are due to dominant genes. 

In studying inheritance in human beings, it is not possible to start with 
pure-bred stocks. So if a human trait is recessive, that is to say, if it is only 
manifest when the individual receives a particular gene from both parents, a 
certain proportion of individuals who do not manifest the same trait receive 
the gene from one but not from the other parent. Similarly, if the trait is 
dominant, that is to say, if it is recognizable when the individual who shows 
it receives a particular gene from one parent only, it may not be possible to 
tell from the appearance of any given individual whether he or she has 
received it from one or both parents. This is no longer an insuperable 
difficulty. Marriage is a lottery. The natural history of lotteries, or, as we 
more usually call it, the theory of algebraic probability, shows us how to 
calculate what proportion of individuals will derive a given gene ftom both 
parents or from one parent only, if we know the proportion who do not 
possess it. Thus the net expectation for different kinds of offspring of parents 
of a specified type can easily be calculated if mating occurs at random. Allow¬ 
ance can be made for the fact that strictly random mating does not occur 
by studying the correlation between husbands and wives. 

If mating occurs at random, a simple arithmetical calculation shows that 
the number of individuals who carry a rare gene on only one duomosome 
is twice the square root of the number who carry it on both members of the 
same pair of chromosomes. What this means may be illustrated by albinism. 
Albinism is a recessive condition. In Britain the proportion of albinos in 
the community is about one in twenty thousand. According to the principle 
of random mating, one m every seventy individuals who are not albmos should 
therefore carry the gene for albinism on one of their chromosomes. For the 
same reason individuals who display a very rare dominant condition will 
nearly always possess the gene which determines it on one chromosome only. 
Genetic theory therefore demands that half the offspring of such individuals, 
if married to a normal person, will have the dominant trait. This is easy to 
test in the numerous pedigrees of what medical men refer to as “hereditary” 
diseases or disfigurements. Such are brachydactyly, a congenital absence of 
one of the joints of the fingers, one form of night blindness, a somewhat 
repulsive abnormality known as lobster claw which is a deformity of the 
lower limb, the disease Imown as diabetes insipidus, Huntingdon’s chorea, 
and the eye defect called aniridia. The observed proportions in families with 
one affected parent agree with numerical calculations based on Mendel’s law. 
Such diseases could be eliminated in a generation if individuals suffering 
from them were not allowed to reproduce. While diseases of this class are 
incurable, this is the only effective method of prevention. 

An inividual who exhibits a “recessive” condition must receive the 
gene from both parents. He'or she may thus be the offspring of one of three 
types of marriage: a marriage between two recessives; a marriage between a 
recessive and an apparently normal individual who carries the gene; or 
a marriage between two carriers neither of whom exhibit the trait. What has 
been said about albinism shows that marriages of the last type will be vastly 
2L* 
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more common than the other two. In other wordsj recessives are generally 
offspring of parents who are not themselves recessives and have no near 
ancestors who are recessives. They cannot be detected by collecting long pedi¬ 
grees. We have to resort to other means. 

Genetic theory tells ns that, if two parents are carriers, one-quarter of their 
offspring will be recessives. Thus recessive conditions tend to turn up among 
several brothers and sisters in a family. In the language of the meihcal pro¬ 
fession they are “familial.” The. proportion calculated from genetic theory 
is easily tested by collecting sufficient cases. A second test is still more 
valuable, especially if the recognition of a recessive gene depends on con¬ 
ditions which are not always present in the family environment. Consan- 
guimeous parentage will always be more common among pai-ents of recessives 
thflft among the general population. The proportion of consanguineous 
parentage can be stated precisely if we know of the rarity of the recessive 
condition. About 15 per cent of the parents of albinos and of children who 
die of amaurotic family idiocy are first cousins. The percentage of all mar¬ 
riages between first cousins in the population at large generally varies between 
0'6 and 1 • 6 per cent in European communities. 

Without recourse to mathematics, the reason for this is easy to grasp. 
Taking at their face value the figures already cited, the square root rule 
means that if I carry the gene for albinism on one of my chromosomes, tite 
chance that I shall marry an unrelated individual who is likewise a carrier 
is only one in seventy. If I marry my cousin, I am marrying an individual 
who has received a certain proportion of her chromosomes from the same 
pair of grandparents as myself. The chance that the offspring of two grand¬ 
parents will both receive a particular chromosome from one of them is one 
in eight. Hence, if I am^ myself a carrier for albinism, the odds in favour 
of marrying another carrier would be nearly nine times greater than if I 
married someone who was not related to me. 

About a dozen of these recessive conditions are now well established. One 
is an eye disease, called retinitis pigm&itosa. Amaurotic family idiocy and 
juvenile amaurotic idiocy are two other examples. These are famiM diseases 
in which symptoms' of arrested mental development are associated with 
physical degenerative changes in the central nervous system and eyes. Death 
preceded by wasting takes place in one during infancy and in the other 
about the age of puberty. IT two parents produce an amaurotic child, the 
odds are that one-half of their offspring will carry the gene and one-quarter 
will exhibit it. It is difficult to justify the English law which does not permit 
such parents to avail themselves of a very simple operation to prevent the 
further spred oi^t m^^ are responsible for these two 
formidable and at present quite incurable diseases. On the other hand, the 
advantages of sterilization as applied to diseased people can be greatly 
exaggerated. Sterilization of the individuals directly affected is often 
undertaken by nature. All amaurotics die before they can propagate 
their kind. The fact is that selection eliminates rare recessive conditions; ; 
very slowly. If all albinos were sterilized in every generation it would 
probably titc several centuries to reduce the incidence of albinism to half 
its present dimensions. 
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Recessive genes borne upon the sex chromosomes are easily recognized 
by the fact that recessive females are much rarer than recessive males. 
Red-green colour blindness is a case of this type of inheritance. Colour¬ 
blind males are at least ten times as common as colour-blind females. 
Recessive genes Itnown to be located on the sex chromosomes are more 
numerous than all the recessive genes at present Itnown to be located 
on the remaining twenty-three pairs of human chromosomes. Perhaps 
this is because the peaiar type of inheritance to which they give rise 
attracted medical interest more than a century ago in connexion with 
the study of haemophilia, There is a strain of haemophilia in the Royal 
Houses of Europe. No eugenist has publicly proposed sterilization as a 
remedy for defective kingship. 

PATERNITY TESTS 

The tendency of traits to stick togetlier in the same pedigree has made it 
possible to construct maps of the chromosomes in animals and plants 
(p. 1003), All the distinguishable genes of the fruit fly and the sweet-pea can 
be assigned to their respective chromosomes and to a particular locus relative 
to other genes on the same chromosomes as themselves. Most of the genes 
whose manifest effects are easy to distinguish in human beings are rare. It is 
therefore exceedingly unlikely that we should encounter two in the same 
pedigree. For this reason the possibility of constructing a chromosome map 
of the human species seemed quite fantastic ten years ago. 

Today the prospects are very hopefiil. The possibility of doing so has 
emerged from the study of the blood groups. 

The discovery of the blood groups which are now used in testing paternity 
was made in connexion with the practice of blood transfusion. This is some¬ 
times necessary after severe haemorrhage. When it was first undertaken the 
results were enigmatic. Sometimes it was beneficial, sometimes followed 
by collapse. The blood of the recipient might become curdled. The circula¬ 
tion was obstructed. It slowed down and soon ceased. The danger was 
removed by the discovery that clumping of blood corpuscles may occur 
when blood from different individuals is mixed in a tube. From this point 
of view the blood of some individuals is incompatible with that of offiers. 
Individuals can tlius be classified in groups according to their compatibility. 
Provided the test has shown that the donor’s blood is compatible with the 
blood of tlie recipient, all is well. 

It is easy to separate the red cells of the blood from the clear fluid (serum) 
left after normal coagulation by means of a centrifuge. Red cells in saline 
solutions cannot be made to clump by adding serum from blood of the 
same individual. They will often do so if serum of another individual is 
added. This shows that the dumping of the blood cells depends on a reaction 
between, substances “agglutinable” in the corpusdes and agglutinating sub¬ 
stances (agglutinins) in the serum of another individual. There are two of each 
of them. If an individual has both agglutinins, he can have neither of the 
agglutinable substances. If he has both the latter he can have neither of the 
agglutinins. If he has one of the agglutinins he can only have one agglutinable 
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subwt iiJicC} tlie one wliicli docs not reuct with it. (Classification of all possible 
types of reaction between sera and red cells of different persons shows that 
there arc only these four classes. 

(Class A has an agglutinablc substance A and an agglutinin b. Qass B has 
an agglutinablc substance B (which reacts with b to produce clumping) and an 
agglutinin a (which reacts with A to produce clumping). Hence individuals 
belonging to group A are incompatible with individuals belonging to group B. 
A third group is called group 0 because its red cells will not clump when 
trrated with, serum of any mihviduals. It has no agglutinable substance. Since 
its serum will make the red cells of group A or group B dump, it has both 
agglutinins a tmd b. A fourth group called AB has red cells which clump 
when serum of individuals belonging to any one of the three other groups is 
added to them. 'Ihe serum of individuals who belong to this group will not 
produce clumping of red cells from individuals of any group. Thus it contains 
neither u nor A . 

Partly because relatives are often willing to act as donors when transfusion 
is necessary, simple rute of inheritance were detected at an early stage in 
the study of blood groupings. Tests on over quarter of a miUion individuals 
and over five thousand families have now been placed on record, So our 
knowledge about the genetic basis of the blood groups is comparable to^our 
knowledge of inheritance in animals which can be kept for experiment. The 
following rules have now been established: (a) if both parents belong to group 
0 all tlie offspfflig belong to group 0, (b) if one parent belong to group 0 
and file other belongs to group AB, the offspring belong either to A or to B, 
(c) if one parent Wongs to A and the other belongs to B the offspring may 
belong to any of the four groups, (d) if one parent belongs to group A and 
the other belongs to citlier group 0 or to group A the offspring must Wong 
to A or 0, (a) if one parent belongs to group B and the otlier to 0 or B, the 
offspring must be B or 0, (/) if one parent is AB and the otlier cither A or B, 
tlie offspring cannot belong to group 0. . „ , « 

For various reasons, which cannot be stated briefly, the few exceptions 
to these rales are due to the fact fiiat biological and legal paternity do not 
always coincide. Hence blood tests can soroetim^ be used to show that a 
particular male is not the parent of a child. For instance, a male bdongmg 
to group 0 cannot be the father of a child who does not belong to group 0, 
if the child’s mother herself belongs to group 0, If the child belong to group 
A, his fatiher must have belonged to group A or to group AB. Needless to 
say, the fact that his putative father does belong to one of these two groups 
would not prove tkt he was the real father. It merdy proves that he may 
have been. In certain drcumstences a test of this kind may prove that an 
mdMdual is not the father of a particular child. It can never prove that 

^ Ail the rales stated may be explained by regarding poup 0 as the basic 
stock in wliich two dominant mutations have arisen indcpradcntly at the 
same locus R on the same pair of chromosomes. One dominant gene A is 
responsible for the manufacrare of the agglutinable substance A and me 
elimination of the agglutinin «. The other dominant gene B is rwponsible 
for the manufacture of the agglutinable substance B and the elimination 
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of the agglutinin b. Thus the genetic formula for group 0 is RR, for group A 
it is AA or AR, for group B it is BB or BR, and for group AB, it is AB. 

Recent research has led to the discovery of other blood groupings based 
on the compatibility of hnmnn blood with tliat of various animals which 
have been previously immimized to the blood of other individuals. If 
blood-group testing were carried out in all records of clinical pedigreee, 
it would be possible to ascertain whether rare genes responsible for diseases 
like amaurotic idiocy or night blindness reside on the same chromosomes 
as the three genes of the blood groups. People have now been classified for 
their reactions to immunized sera of other species. It has been shown that the 
genes involved in one such system of blood groups are not located on the 
same pair of chromosomes as the three genes of the A and B blood groups, and 
there is a very hopeful prospect that we shall soon be able to test for a blood 
grouping referable to every one of the twenty-four pairs of human chromo¬ 
somes. Recently it has been shown that about a quarter of the population are 
incapable of tasting a group of substances allied to the organic compound 
called phenyl-thiourea. This substance is exceedingly bitter to those who can 
taste it. Ability to taste is determined by a single dominant gene. About as 
many people have the dominant gene as lack it. Like the blood-group test, 
this reaction may play a part in the mapping of the human chromosomes. 

HEREDITY AND SOCIAL BEHAVIOUR 

Several defects of neuromuscular organization, such as amaurotic fmily 
idiocy, all of tliem associated with detectable physical symptoms, arc in¬ 
cluded in the list of established diseases which depend on a gene diffe,rcnce 
which is recognizable in all customary conditions of development. When 
the geneticist is confronted with a discontinuous character wWch only 
manifests itself in special circumstances, his first line of attack is to find 
out everything he can about how nurture controls its appearance. 

There is a mutant of the fruit fly which is deformed in the hindmost part 
of the body. It is usually referred to as “abnormal abdomen.” Flies of the 
pure mutant stock regularly exhibit the deformity when grown in moist 
cultures. They are perfectly normal when grown in a stale dried-up culture. 
So long as the experiments are carried out in fresh cultures, matings witli 
wild-type stock yield numerical ratios in keeping with the supposition that 
the difference between the mutant stock and the wild type is due to a single 
gene substitution, If the cultures are allowed to become stale and dry, no 
consistent numerical results can be obtained for an obvious reason. Had the 
geneticist no means of preventing his cultures from drying up, he would 
have to confine his counts to larvae wliich hatch out while the culture is still 

moist. .. ., , 

A type of feeble-mindedness known as mongohsm provides an example 
of how medical science can apply a similar method. Mongols rarely have 
young mothers. A high percentage of mongols have mothers about_ forty 
years of age or more, Since the genetic constitution of the mother is not 
affected by her age, the environment of the womb must have something 
to do with whether an individual is a mongol. By studying families bom 
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afll:er the mother has passed a certain age. Dr. Penrose has been able to show 
what part heredity plays in producmg mongolism. 

Mongolian idiocy is associated with well-defined physical characteristics, 
to some of which it owes its name. So far the comparison of pedigrees con¬ 
taining feeble-minded or mentally deranged individuals with no distinctive 
physical stigmata has not yielded information wliich satisfies any nmnerical 
criteria, based on genetic tlieory. This may be because the occurrence of 
imbecility and lunacy is due to a combination of genes too complex to detect 
without recourse to experimental mating which is impracticable. It may be 
because a particular combination of genes and a pai’ticular kind of environ¬ 
ment are jointiy responsible for producing them. 

Of its very nature social behaviour depends on an enviromnent complex 
which cannot be standardized. Individual differences of social behaviour, as 
we observe them, are generally differences to which differences of environment 
and gene differences jointly contribute. When differences of environment and 
differences of gene equipment jointly contribute to observed difierences 
between human beings it may be that the responsible genes are rare (or are 
mainly confined to a small group of people), while the conditions of nurture 
on which their detection depends are relatively common. Heredity is then 
the more significant source of variation. Conversely it may be lliat the 
responsible genes are widely distributed in the population, while the relevant 
conditions of nmture arc rare or very unevenly distributed. The more 
important source of variation then resides in the environment. In this 
sense we are entitled to ask whether nature or nurture is tire most important 
agency which determines individual differences. The question can be in¬ 
vestigated on a statistical scale when it is not possible to find out which 
decides the fate of a partiarlai' indj.vidual. Of several methods which can be 
used tire three most important ones are (a) the method of twin resemblance, 
{b) the method of adoption, (c) the method of consanguinity. 

The method of twin resemblance was first suggested by Galton. Partly 
because the pertinent facts were not fully established and partly because 
there were insufficient endowments to support large-scale research, it has 
not been applied extensively till recent years. Embryological research has 
shown that when mammals produce several offspring together the same 
result may be produced in different ways. Most species have litters of several 
offspring because several egg cells are set free into the womb when tire 
mother is on heat. A few multiparous species liberate'only one egg at a 
time. The mass of cells produced from die fertilized egg then splits at an 
early stage of development to form several embryos, When multiparous 
pregnancies occur in human beings and in cattle either process may be 
responsible.■ Hence^hitman twins are of two lands. Identical twins, being 
descended from the same fertilized egg, have the same set of genes and are 
necessarily of the same sex. Fraternal twins, being descended from different 
eggs, have sets of genes wliich are no more alilie than those of ordinary 
offspring of the same parent. Such twins may be of like sex or uiililce sex. 
They can now be distinguished from the other type by reliable tests. 

This fact may be used to investigate the relative importance of nature 
and nurture m two ways. We may compare the degrees of similarity shown 
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by identical twins, fraternal twins, and ordinary “sibs” (brothers or sisters) 
brought up together in the same family, and we may compare the resemblance 
of identical twins reared apart with that of identical twins brought up 
together. If identical twins are decidedly more alike than fraternal twins in 
j the same family, we may conclude that heredity plays a large part in deciding 

the difference between individual members of a single family. l( fraternal 
twins are decidedly more alike than ordinary sibs we may conclude that the 
differences of enviromnent to which children of different ages, brought up 
j in tlie same family, are exposed, play a large part in deciding the characteristics 

of individual members. Since the environment of a family at one social level, 
may be very different from that of a family at another, the discovery that 
heredity is tlie chief agency winch decides what the characteristics of different 
members of the same fraternity will be, does not necessarily imply that it is 
the chief agency which decides differences between individuals belonging 
to different social classes, races, or religions. This can be settled by comparing 
i' the degrees of similarity shown by identical twins reared together and 
identical twins reared apart in totally different social circumstances. It happens 
when they are adopted at birth, because their parents die or desert them. 

The practice of adoption can also be used in another way. If true sibs 
j; reared together are decidedly more alike than true sibs reared apart, or if 

’ foster sibs are more tilie than pairs of individuals taken at random from 

similar homes, differences of home environment may be inferred to play 
a decisive role. 

A third method of investigating the role of nature and nurture depends 
on the theory of inbreeding. Inbreeding results in separating pure stocks 
from a hybrid population. Hence it increases the amount of variety. It 
j is not difficult to see that this is true where the number of genes involved 

is small. The reason for it is the same as the reason for the high proportion 
of albinos whose parents are first cousins. Hence a high measure of variability 
among children whose parents are consanguineous, when compared with 
■*; children whose parents are not related, points to the influence of nature 
* rather than of nurture. 

These methods of attack have been elaborated within the last twenty 
years. That tliey have been applied to the study of comparatively few aspects 
of man’s social behaviour is cliiefly due to two circumstances. The first is 
the persistence of the stud-book mentality, The overwhelming majority of 
publications ostensibly dealing with human heredity are collections of 
I pedigrees. The analysis of pedigrees can supply useful information when 

the data suppHed by them satisfy numerical tests suggested by the known 
behaviour of genes. The fact that they pass the tests justifies the suggestion 
that ordinary difierences of enviromnent do not interfere with the expression 
' of the gene difference, and the conclusions drawn from them are then irre- 

'' sistible. When the data supplied by pedigrees fail to do so we are in doubtful 

i territory, and the more so when we are studying social characteristics such as 

temperamental traits and intellectual performance, which are^ known to 
demand certain limiting drcimistances of upbringing. The stud book is a 
: reliable guide to the inborn quafities of pedigree cattie, because the ter 

aims at equalizing the environment of individuals selected for parenthood. 
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For two reasons it is not a reliable guide to the contribution which heredity 
makes to differences of behaviour. One is that the human family transmits a 
certain social traditionj i.e. a particular sort of environment as well as a certain 
equipment of genes. The other is that equality of environment is not yet 
the recognized goal of social organization, least of all by most eugenists. 
The stud-book method is used because Aose who profess to accept the 
stud farm as a model for human betterment shrink from promoting the social 
arrangements which would make the analogy pertinent to the circumstances 
of social life, 

Another serious obstacle to progress is the paucityof methods for measuring 
and describing differences of social behaviour. A beginning has been made 
with the intelligence tests of Binet, Terman, Burt, Spearman, and others. 
When people apply the word intelligent to a person they do not mean some¬ 
thing as definite as black, freckled, or intoxicated. This does not imply that 
no useful mfianin g can be attached to the word intelligent as a description 
of the characteristics of human beings. Different observers can arrange a 
group of individuals m a scale of what they call greater or less intelligence. 
They can then see whether their arrangements tally and whether it is possible 
to devise some independent test by which the same group can be arranged 
in a way which corresponds fairly closely with independent estimates based 
on personal impressions. This is what an intelligence test does. Extensive 
and careful statistical researches have been undertaken to devise a scale which 
will record what is common to the various ways in which people use the word 
intelligent) when they apply it to the social behaviour of children and adoles¬ 
cents. It does not necessarily follow that the intelligence tests give a just 
measure of all that we commonly mean by the adjective intelligent when we 
apply it to adults. Probably the intellectual performance of adults depends 
quite as much on temperamental characteristics ordinarily described by 
alertness, persistence, curiosity, or a sense of humour as on the type of facility 
which intelligence tests assess. Hence proposals to limit educational facilities 
to diildren who get high scores in such tests are exceedingly dangerous. 
It is never suggested that the education of the prosperous classes should be 
limited in the same way. So the political motive is not far to seek. 

The great advantage of the tests on which such scales are based is that 
they yield very constant results for the same individual examined on suc¬ 
cessive occasions, if the intervening period is short. They also give fairly 
co n stant results for the order of individuals within a group when it is tested 
successively over a period of several years. What is important for our purpose 
is that we now have a method of describing one aspect of human behaviour 
with some precision and reliability. It can be passed from the hands of one 
observer to another. So we can pool the results of intelligence tests as we 
could not do if we had to rely on any customary scale such as teachers’ 
estimates, examination results, or employers’ testimonials. 

This means that the biologist can investigate to what extent differences 
of intelligence are associated with the fact that different children are bom 
with different genes, and how far the manifestation of such gene differences 
is independent of maternal health in pre-natal existence, other conditions 
of uterine environment, a poorly nourished body, over-indulgent parents, 
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over-bearing brothers and sisters, sympathetic teachers, and an infinite 
variety of other circumstances wWch (ilstinguish the physical and social 
environment of one individual from another. The most definite conclusion 
which has yet been reached is that the average differences between the 
intelligence quotients (IQ) of identical twins brought up together are small 
in comparison with average differences between intelligence quotients 
of fraternal twins brought up together. In fact they are no larger than 
average differences between successive tests on the same individuals. 

Wmle this shows the influence of heredity on differences between 
individuals who enjoy the benefits of the same home environment and 
the same uterine environment, it does not teU us anything about ind- 
viduals who belong to families at different social levels. Identical twins 
reared apart are difficult to find, and the social machinery of adoption usually 
places them in homes at the same social hel The fragmentary evidence 
available shows that the average IQ difference of 10 pairs of identical twins 
reared apart is 7*7 points. The average IQ difference for fraternal twins 
reared together is ody 84 points. If we had a large sample of identical 
twins reared apart in homes at different social levels the difference might 
well be greater than 7-7. Even so, the citizen may judge for himself whether 
scare heaffiines about the decUne of the nation’s intelligence belong to the 
province of science. 

In the Middle Ages the advance of physical science was held in check 
because Catholicism refused to countenance any challenge to its intellectual 
pretensions. Today the advance of human genetics is held back because 
the prosperous classes refuse to tolerate any challenge to their intellectual 
privileges. The natural mission of the middle class or of the Aryan race has 
now replaced the divine mission of the Church militant. There is no need 
to ransack Nazi publications for illustrations of a temper wHcffi exists else¬ 
where, In the official organ of the English Eugenics Society which he rightly 
remarks “has always been especially interested” in “that portion which is 
popularly called the upper and middle classes,” an English biometrician, 
also a prominent eugenist, propounds the question “who are the middle 
class?” The answer he ^ves is this: 

In consequence of this selective process tliis class has necessarily become 
differentiated in certain hereditary respects from the generd body of the 
population from which it is continually recruited. In the case of intelligence this 
difference is readily demonstrable by applying the psychological tests to the 
children of different occupational groups. But we should be altogether mis¬ 
taken if we took it that the only important difference lay in intelligence. There 
must be at least a dozen other psychological characters of importance governing 
self-control, ambition, judgment of character, aesthetic taste, foresight, grasp 
of moral principle which have been at least as influential as inteIHgence m 
guiding the process of social promotion during the last two centuries of which 
our class is fte product. 

Perhaps no better word than grasp could have been chosen for this context. 

When human gerietics is subsidized to advance the Mest use of human 
talents without regard to social class, it may be possible to detect and measure 
racial differences of mtelligence depending upon differences of genetic 
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constitution. One diffiailty of treating group diferences of this kind in a 
genuinely scientific temper will be less when psychology can equip biological 
research with a sufficient variety of similar methods for the precise descrip¬ 
tion of other aspects of social behaviour. One can assert that deat-mudsm is 
commoner among Jews than among Gentiles without incurring the charge 
of anti-Semitism. With so many diagnosable physical ailments to choose from, 
it is possible for normal people to discuss the occupational or racial distribu¬ 
tion of any single disease of the body without assummg a tone of impudent 
superiority. No single race, class, or nation has the monopoly of all the 
virtues. 

Hitlierto the only social impetus to the study of human genetics, especially 
in so far as it is concerned with the part played by heredity in social behaviour, 
has come from proposals for restricting educational expenditure and public 
money spent on institutions for the care of its defective members, from 
polides concerned with ruthless exploitation of backward peoples, and from 
the psychological frusttation which has accompanied the acceptance of 
sterility as the cardinal virtue of the middle classes. The eugenic movement 
has recruited its members from the childless rcntier-twcntieth-century 
bourbons who have earned nothing and begotten nothing. Its volupmous 
insistence on mutilation as the goal of applied genetics has home fruit in no 
outstanding discoveries. Human genetics has not yet discovered an incentive 
sufficient to guarantee its further progress. It will not do so while the selfish¬ 
ness, apathy, and prejudice which prevent intellectually gifted people from 
understanding the character of the present dsis in civilization remains a 
far greater menace to the survival of culture than the prevalence of mental 
defect in the technical sense of the term. 

This does not mean that the study of human inheritance is unimportant 
On the contrary it has everything to gain by out-growing the castration 
complex. With tlie prospect of a spectacular decline of population in the nw 
future constructive statesmanship will be more and more preoccupied with 
ways and means to encourage parenthood. Consequently it will be less and 
less favourable to drastic proposals for sterilizing the harmlessly unfit. For the 
same reasons it will be more and more committed to an active policy of 
preventive medicine. As part of an active policy of preventive medidne tiie 
future of human genetics is assured, No community is likely to sterilize 
people who suffer from frontal sinus infections, or to subsidize rwearch which 
leads to the conclusion that people who suffer from sinus infections should 
necessarily be sterilized. What makes it important to know eve^ng which 
can be found out about the contribution of heredity to such diseases is that 
if wc have such knowledge we can forewarn people who are liable to contract 
them against exposiag ffiemselyes, to the dangers of infection. So long as 
sterilization is the goal of human genetics, its scope must he limited to ffic 
study of comparalively serious disorders. As a department of preventive 
medicine it embraces the whole field of disease. 

Analogous remarks apply to education. Eugenists are never tired of talking 
about the "waste” of expenditure On those who are “by nature” unable to 
benefit from it. Naturally this does not engage the sympathy of educationists 
who mice their job seriously. Nor does it enlist the support of intelligent 
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citizens, who realize that no society is safe in the hands of a few clever 
people. If knowledge is the keystone of intelligent citizenship, the fact 
that many people do not benefit from existing provisions for instruction 
is less a criticism of tliemselves than a criticism of educational machinery. 
The possibility that heredity plays a large part in such differences is 
only relevant to public expenditure, when we have already decided 
whether we want more or less education. We do not need biologists to 
teU us that any subject can be made dull enough to defy the efforts of any 
but a few exceptionally bright or odd individuals. By, exploring individual 
differences human genetics might help us to find out how to adapt our 
educational technique to individual needs. It will do so, and gain prestige 
in consequence, when it ceases to be an apology for snobbery, selfishness, 
and class arrogance. / 
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EPILOGUE 


THE NEW SOCIAL CONTRACT 

Two questions assert themselves as we take leave of one another. One is 
whether the present tempo of scientific progress will continue, or whether 
we are living in the twilight of a culture to be followed by dreary centuries 
of commentaries and imitators. The other is whether the bulk of mankind 
will reap the benefit of the new powers and inventions which advancing 
scientific knowledge has placed at our disposal, or whether the vast destruc¬ 
tive instruments which it has also created will be used by power-seeking men 
to destroy any immediate hope of a brighter future for the human race. To 
the extent that our own conduct can contribute to the answers we ^ve they 
are not unconnected. Science for the Citizen began with a quotation in wbch 
the great German chemist Liebig declared that “only the freeman has a 
disposition and interest to improve.” Inescapably it ends on the same note. 
The further progress of science depends on how far the scientific worker 
and his fellow citizens co-operate with one another in applying scientific 
knowledge to the satisfaction of the common needs of mankind. _ _ 
Before discussing the first question it is important to clarify a distmcnon 
which is commonly taken for granted. The separation of human somebes 
into social classes which enjoy abundant leisure, or are deprived erf it, has 
encouraged a superficial and arbitrary division of science into two branches, 
pure and applied. According to a view which has survived from the time of 
Aristotle, pure science is science sought for its own sake. Its sufficient jusu- 
fication is the individual satisfaction it brings to those who are m the fortunate 
position to pursue it. In contradistinction to pure science, so defined, applied 
science is science adapted to the discovery of material amenities _ which 
benefit mankind in general or those who patronize the pursuit of it. ihe 
sense in which science is worth studying for its own sake has been discussed 
at length elsewhere (p. 736). Here we may content ourselves with a smgle 
comment which has been emphasized repeatedly m what has gone before. 
From the craftsmen navigators of the Mediterranean m the seventh century 
B c to the researches of Pasteur on silkworm disease, science has advanced 
conspicuomly when it has been actively in contact with the w^d s mk. 

FromtheastiontnnetpwtofGfeehtothepnestlyaattonometoftheG^^^ 
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lative extrapolations concerning the age of the universe change from day to 
day as astronomical knowledge advances, and we should be justified in 
treating astronomers with the same suspicion as politicians if the credentials 
of astronomy had no firmer basis. Our reliance on astronomy is justified by 
the fact diat it provides the farmer with a calendar of the seasons, the fisherman 
with a table of tides, the statesman with a map, the Union Castle Line with the 
means of navigating a ship into port, and the Minister of Transport with fines 
from motorists who fail to light up after civil twilight ends, The only valid 
distinction between pure and applied research in natural science lies between 
inquiries concerned with issues which may eventually and issues which already 
do arise in the social practice of mankind. Consequently, the pure scientist 
knows that he has everything to gain from encouragement of applied research, 
and if the last survivors of Darwin’s generation still murmur doubts about 
Mendelism, the experimental geneticist goes on his way serenely confident 
that the Feathered World will continue to advertise day-old sex-linked chicks, * 
or that rabbit furriers now know how to make pure lilac from blue beveren- 
chocolate havana crosses, or how to fix “Rex” on any colour pattern in two 
generations. 

Pure and applied science are not independent social phenomena. They are 
inextricably related as shoot and root in the process of healthy grovrth. 
Growing science is the unity of theory and practice. Without its roots firmly 
planted in the moist soil of social practice the green shoot of pure science 
withers and becomes the dead tcu^ of metaphysics. Without the aspiring 
shoot of theory sustaining it with the nutriment of air and sunlight, the root 
of applied science degenerates into the dry wood of empirical repetition. 
This is no new trutli, nor paradox. It has been stated and restated anew 
in every age of rebirth. Hear, for instance. Sir William Petty in whose rooms 
the Invisible College held its first meetings: 

Hindrance of the advancement of learning hath beene because thought, 
theory, and practice, hath been always divided in severall persons; because 
the ways of leai'ning are too’tedious for tliem to be joyned. And whereas 
all writings ought to be descriptions of things, they are now onely of words, 
books know little of things, and the practicall men have not language nor method 
enough to desaibe (them) by words. 

The superficiality of this dualism, which we perpetuate in our universities 
and technical colleges to the detriment of both, may be illustrated by revert¬ 
ing to another metaphor used elsewhere. Science is not a photograph of the 
real world. It is a map, in which mountains, rivers, and valleys are variously 
coloured not to represent their actual tints, but because the colours can give 
us useful directions. It is one thing to say that a discipline can only ranlt as 
genuine science when it can also supply us with recipes for the practical 
conduct of affairs, and it is another to say that scientific research is and must 
always be confined to topics of immediate social value. If you have to build a 
railway you need a map. It is obviously superficial to draw a sharp distinctidn 
between the work done in mapping the actual track traversed as useful work 
m contradistinction to all the useless work of mapping the part of the territory 
over which no rails are laid down. One reason is that you cannot know what 
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you will have to scrap till your task is finished. Another is that the existence 
of the railway may make it necessary or desirable to have a water supply, 
town, or sanatorium in the vicinity. What is easily overlooked is tlsat the part 
of the map where no rails are laid down, where no town is built, where no 
wells are tapped,and where nosanatorium is erected would not havebeen pros¬ 
pected unless there had first been a definite social reason for constructing the map. 

Among the few who realize the vast expense at which modern scientific 
work is conducted some will here put forward an objection such as this. 
So far, so good. We recognize that die average citizen, still less the average 
capitalist, will not be induced to subscribe voluntarily, or from ta.xation, to 
the upkeep of scientific research, unless he foresees the prospect of some 
ma tfliial benefit. We recognize also that theoretical advances often arise as 
a by-product of research conducted in this way. What we assert is that the 
social value of knowledge is not exclusively circumscribed by its material 
rewards, and that socially useful knowledge which confers no material benefits 
is necessarily nursed by the existence of a class with leisure to occupy them¬ 
selves with its pursuit, Although it is not often stated, this embodies a view 
which is held by many thoughtful citizens. 

As did Lucretius, the writer of this book believes that one of the benefits 
science bestows, and not tlie least of them, is to liberate mankind from the 
terror of the gods. Scientific knowledge gives us the means of planning for 
plenty and also helps to free us from habits which prevent us from doing so. 
The dividing line between progress in science and progress in morals is not 
clear cut. Our moral attitude to witch-buming(Chapter VII)is not rnconnecmd 
with advancing scientific knowledge of chemistry, and advancing scientific 
knowledge of medicine (Chapter XVI) is not unconnected with social mores 
concerning the health of the masses. So the social use of science is not 
exhausted by material welfare, as the term is ordinarily defined. In the words 
of Robert Boyle we are not entitled to expect that the "goods of mankind 
will be much increased” by the archaeologist’s “insight into the trades.” 
None the less, lack of archaeological knowledge may prevent us from using 
“the naturalist’s insight into the trades,” or from continuing to exist long 
enough to use any sort of knowledge at aU. A Httle instruction in elementary 
archaeology would have made it far more difficult to spread the doctrines 
which have been used to bolster up the present war madness of CentralEurope. 
The view stated in the preceding paragraph therefore deserves sympathetic 

attention. ^ 

It is always wiser to be guided by the experience of the human race than 
to be circumscribed by the limitations of our reasonmg and imaginative 
endowments. Before we are driven to conclude that essential unity of theory 
and practice in scientific progress applies only to such branches of positive 
knowledge as minister to man’s material needs, we should tlierefore be 
'guided by the history of sciences which do not conspicuously do so. In the 
light of current events archaeology claims a prominent place among the 
latter It is therefore instructive to ask in what circumstances the science 
of archaeology advances. We have, in fact, a noteworthy iUustration k our 
own generation. The search for new mutations as a basis for selective stock 
or crop improvement is now based on outbreeding to wild populations which 
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have not been exhausted by previous selection. In connexion with its plans 
for increased cereal production the Soviet Union recently financed the 
most ambitious scheme of archaeological research yet undertaken. The 
objective of this expedition, in which the geneticist Vavilov played a leading 
part, was to ascertain the focal localities of cereal origins. 

It would be unwise to cite the grandiose scale of this inquiry as an isolated 
case. So we may also recall the circumstances which gave birth to Egyptology. 
Our knowledge of the early history of Egypt begins wi± the Rosetta stone. 
For long the inscriptions in picture-writing on Egyptian tombs were an 
impenetrable mystery to which classical literature fbrnished no clue. The 
Rosetta stone of basalt stele, 3| by 2| ft. in size, was inscribed with a decree 
of Ptolemy V in hieroglyphics, demotic and Greek. By all appearances it was 
like the trilingual notices which are often seen at money exchange bureaux in 
ports, and the Greek version therefore provided the key which eventually 
enabled ChampoUion to decipher the script of priestly Egypt. It was dis¬ 
covered in 1799, and completely elucidated in 1831, since when a new field 
of historical science has been explored. 

The discovery of the Rosetta Stone was the result of an expedition in 
which science was faced with a new and imperative social demand. The 
story of the apedition in which Napoleon was accompanied by a veritable 
galaxy of French scientific men, including Fourier, the mathematician, to 
survey the country, with Berthollet, the chemist, to study the Nile inunda¬ 
tions, is told by A. G. Macdonell {Napoleon and His Marshals)'. 

The wreckage of dead Admiral Bruix’s Line of Battle was still drifting in 
the Bay of Aboukir when Bonaparte flung himself buoyantly into a thousand 
details of organization. Nine days after the news of the Nile he was establishing 
die Institute of Egypt in Cairo, accepting its vice-presidency under presi¬ 
dency of the great mathematician Monge, and setting a number of little 
problems to the savants at tlieir first session. (A new regime was beginning, 
under which even professors had to mingle the practical with the abstract.) 
“Can the baking ovens of the army be improved?” he demanded of the men 
of science? Could any substitute for hops be found for the brewing of beer? 
Was the windmill or the water-mill the more suitable for milling at Cairo? 
How could the army establish a powder-factory, and did Egypt possess any of 
the ingredients for jhe manufacture of gunpowder? On the less utilitarian side, 
the demoniacally energetic Commander set the professors to work to study 
and measure ruins, decipher hieroglyphics, and make drawings of statues. It 
was inconvenient that Nelson should have destroyed the French fleet, and 
severed all communications between 40,000 Frenchmen and France, but that 
was no reason why the Sphinx should not be measured, the Rosetta stone deci¬ 
phered, the land surveyed, the soils analysed, and the inundations of the Nile 
determined. At Suez Bonaparte himself found the canal of Sesostris, half as 
old as time, and followed Mahomet and the great Saladin in signing his name 
in the visitors’book of the monks of Sinai. 

The questions which we have set ourselves in these concluding comments 
can only be answered in a very limited sense. The best answers we can hope 
to find for them arc merely statements about the limitations which otur ovra 
conduct imposes. Beyond that, anything we might say would usurp the 
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prophetic prerogatives of the astronomer priests and tlie priestly astonomers. 
To our first question, whether science wifi continue to progress at the tempo 
of recent years, our narrative has already supplied two such reservations. 
If the physicist capitulates to the frozen patents of monopolistic capitalism 
and seeks refuge from reality in speculations about the future of the universe 
five million million years hence, if the geneticist accepts the lop-sided 
mechanical technology of today and is content to culture his fruit flies in 
the laboratory, cut off from the urgent problems of crop and stock, if our 
biologists use their knowledge to concoct ingenious excuses to defend educa¬ 
tional privileges and imperialistic exploitation of backward cultures, physics 
and biology will lose the drivmg force which science has always derived from 
living contact with the world’s productive work, and the satisfaction of man’s 
common needs. If the chemist devotes his ingenuity to making gases and 
sprays to blind and suffocate the inhabitants of great cities, and bacteriologists 
consent to spread plagues to infect the reservoirs and stock of enemy popu¬ 
lations, the survivors of our civilization will declare that our science has 
exacted too high a price for its benefits. Even if science and civilization do not 
perish together, both will suffer a heavy setback for many years to come. 

Happily there is much to encourage us in the hope that scientific men in 
democratic countries are awakening to a new sense of responsibility which 
recalls the social outlook of the founders of the Royal Society, when they 
drew up the Heads of Enquiry. Many circumstances have conspired to the 
same end. It is becoming increasingly evident that capitalism as an economic 
system has lost the initiative of its youth and that in many departments, 
especially and most obviously in the development and application of bio¬ 
logical knowledge, science can only look to public enterprise for further 
encouragement. Beyond this looms the shadow of dictatorship. To an extent 
which would have been difficult to have foreseen, the professional conscience 
of the scientific world has recoiled ftom the wholesale expulsion of sdentific 
workers by Hitler’s regime. Twenty years ago few would have believed it 
possible that the American Association of Science would take the lead in 
endorsing the Calder plan for a world union of scientific workers in demo¬ 
cratic countries. 

We turn now to our second question, the immediate prospects for extending 
the benefits of science to the service of mankind. This is not a primer of 
politics, and it would be immodest of the author to attempt a complete 
analysis of the impediments which prevent us from realizing the new 
potentials of social well-being, except in so far as problems which perplex the 
citizen of today are specially relevant to its theme. In some of what will be 
said subsequently the writer is drawing what he believes to be inescapable 
conclusions from the record of scientific progress. Elsewhere opinions 
advanced are those of one fellow citizen communing with another. 

During the past century scientific knowledge has created new potentials 
of social organization vastly in excess of anything for which the political 
education of mankind is prepared. Seventy years ago it was still possible 
to discuss whether poverty was morally tolerable or materially inevitable. 
It was still possible to discuss whether war was spiritually edi^g or socially 
escapable. All this is changed. Poverty in the sense in which it was then 
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defined, the sense in which the word is intelligible to the social biologist, is 
not materially inevitable, The only obstacle to removing it is lack of soci^ 
initiative. War is not a moral picnic. It threatens to destroy the entire fabric 
of our civilization, if we do not eradicate it witlt as much promptitude and 
ruthlessness as we have eradicated, or are eradicating, smaUpos, malaria, and 
yellow fever. 

While composing this epilogue, which was written as an afterthought, the 
writer came across the following headhiies in a current issue of the Daily 
Telegraph (a journal which can scarcely be identified with the tabloid 
tradition): 

30 PER CENT OF COFFEE CROP TO BE DESTROYED . . . TONS 
DUMPED IN SEA OR BURNT . . . DOOMED CARGOES GUARDED 
BY POLICE. 

The average citizen is getting accustomed to this sort of thing. Daily he 
heats of colfee crops destroyed, cotton crops burned, wheat thrown over¬ 
board. He knows, or he half knows, that science has created this abundance, 
If he can be satisfied with a myth, the myth itself must have the similitude of 
science. The leaders of German national socialism were astute enough or 
lucky enough to see tins. Their fake biology became a fashion because it was 
at least a little nearer to reality than the culture it supplanted. It was not 
by self-admission anti-scientific lilie so much so-called progressive thought 
in British politics. With its Nordic nonsense, its neo-pagan charades, its 
medieval Jew-baitings, it had more topical vitality than the^ moribund 
Mediterranean culture of its Liberal competitors, which drew its material 
inspiration from the surplus wealth created by manacled slaves in the silver 
minpa of Attica. From this point of view the dangers which beset democracy 
in Britain are far greater tlian they are in America, in France or in Sc^di- 
navian countries. English politicians are probably tlie most expensively 
uneducated class of people alive at tlte present day.* 

In replacing human effort and crude natural products by inanimate power 
and syntlietic substitutes manltind has vastly increased the range of possible 
choice consistent with satisfaction of fundamental human needs. This means 
that the cleavage between mere goodwill and knowledge is deeper than it 
has ever been before, and that an education wliich will fit statesmen to take 
advantage of the new powers for social well-being or fit citizens to choose 
them must be deeply imbued with naturalistic knowledge. On tliis account 
the immediate outlook for constructive statesmansliip in democratic countries 
is not encouraging. The parties identified witlt a humane and generous 
outlook on human relationships, committed to the advancement of peace and 
willing to promote die common ownership of industrial resources, rely for 
leadership on a legal and literary intelligentsia trained to think witliin the 
framework of property rights. According as they m identified with a more 
or less extreme view, the problem as they see it is how to transfer existing 
industries from private to public ownership by confiscation or with compensa¬ 
tion, That many industrial operations would soon become technological ana- 

* Walter Elliot and Stafford Cripps are conspicuous excepdoiu to the rule that 
lack of scientific education is the hallmark of the successful politician, 
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chronisms in tlie ordinary course of events does not enter their heads. Still 
less does the alternative policy of using the organized power of the community 
for the creation of new industries to liberate new technical resources which 
private enterprise has failed to exploit. In Britain the example of the B.B.C. 
has shown that when public enterprise takes creative initiative, political 
opposition is at a minimum. 

German social democracy, which has now made way for the war-mongers 
of the Third Reich, was a political theory permeated witii this false assumption 
that industries last for ever. What we have learned about the Impact^ of 
Science on Society in Chapters IX to XV has shown that no flourishing 
modern industry existed in its present form when the wood economy was 
approaching its completion during the middle of the eighteenth century. 
It is but forty years since the first vehicle driven by an internal combustion 
engine appeared on the streets, and it is not difficult to imagine the conse¬ 
quences of nationalizing the hansom-cab building industry in the early 
nineties. We might have published to the world at large that our colle^vism 
was more conservative than private competition by prohibiting the import 
of motor cars, or we might have thrown the burden of winding up a bankrupt 
industry on the middle-class taxpayer. On a large scale either policy might well 
have contributed to much the same result which we see in Germany today. 
Thus one reflection prompted by our survey of the Impact of Science on 
Society is this. The primary task of constructive democratic statesmanship 
Is not to transfer property rights in existing industry from private to public 
ownership. It is to devise die macliinery of sodi ownership to exploit 
new technical resources made available by State subsidized reseaxch (see 
pp. 713-14 and 900). 

This is not to say that no steps shpuld be taken to secure social ownership 
of existing industries. This may be a means of supplying new technical 
initiative and constructive statesmanship will then seek die rational support 
of the citizen by advancing clear-cut proposals for doing so. It may also be 
■ a means of averting temporary hardship to employees, and constructive 
statesmansliip would then aim at a parallel policy for gradual absorption of 
the workers in newer industries. Tecbnicd progress demands a Chelsea 
hospital in which veteran industries can die gracefially. 

The powder to shape the future course of events so as to extend the benefits 
of advancing scientific knowledge for the satisfaction of common human 
need may now be ours in so far, and only in so far, as our conduct is guided 
by an understanding of the impact of science on human society.^ During the 
latter half of the nineteenth century a powerful school of political thought 
was led to advance three main conclusions from a study of the influence 
which rlianging technology was then exerting on the soci^ superstructures 
of the time. One was that nations were becoming economically more mter- 
dependent. A second was that skilled and privileged workmanship and the 
standard of life of the employed classes as a whole would continue to decline. 
The third was that the militant opposition of the employed classes to the 
existing economic system would continue to increase. Un these conclusions 
they based a social^ policy which has outlived the impulse to searching 
examination of current events from the same standpoint. 
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As a description of dotninant tendencies in tlie first phase of modem 
power production when steam was replacing water, no exception need be taken 
to the statements made above. They make up a penetrating analysis of what 
was happening in 1870, when such doctrines took root. Steam navigation and 
telegraphy were speedin g up international trade. The old style craftsman 
was making way for the machine minder, and universal schooling had not 
been introduced. Radio and cinema had not placed new instruments for 
moulding mass opinion in the hands of Government, and there was as yet 
no popular Press, 

Certain features which distinguish the initial and the present phases of 
modem power production have emerged in Chapters VIII, XII, ^d XIV. 
The first phase began about 1780. Initially the owners of the larger industries 
were often men like Roebuck, Boulton and Wedgwood. Themselves 
inventors or actively sympathetic to the advancement of talent, they partici¬ 
pated directly in the task of administration and truly conuibuted to the pro¬ 
duction of wealth by their labours. The inventor and technical expert could 
still anticipate advancement leading to partnership, and lower managerial 
posts were filled by promotion ftom the general body of workmen. This 
alluring picture has littie resemblance to the conduct of large modem 
industries. In the second phase of power production, that is to say from about 
1880 onwards, technical improvements of industry have been largely due 
to discoveries made in laboratories supported from public funds by men such 
as Faraday and Henry (see pp. 713-14), The ownerstnp of industry has 
passed more and more into the hands of an amorphous parasitic army of 
shareholders who exercise no creative function in their capacity as such. 
The actual labour of administration and technical control has paspd into 
the hands of a growing class of salaried .officials whose employment is deter¬ 
mined partly by special educational qualifications and partiy by social influence. 
At the apex of the hierarchy are the financial conjurors who can manipulate 
a system of costing with no relevance to the balance sheet (Chapter XII, 
p. 622) of human effort and materials made available for the satisfaction of ' 
common human needs. They exercise credit power to buy up new patents 
which might otherwise be used by weaker competitors. As often as not the 

patent is put into cold storage—the “ice-box.”* ^ 

Needless to say, broad generalizations of social taxonomy, like the best 
systems of animal or plant classification, admit many exceptions. In one 
respect social evolution resembles organic evolution. One system may undergo 
extreme specialization while other structures retain a primitive level of 
organization. This is illustrated by the contrast between the human fore limb 
which is relatively archaic and generalized of its kind, and the human fore- 
brain or skull, both of which are new and unique. So also in social evolution 
one institution may develop rapidly and specialize, while another lags b^ind. 
Till twenty years ago much of the tailoring and furniture manufacture in ffie 
East end of London was still carried out by individual craftsmen employing 
one or two helpers with much the same status as the joume;^an or apprentice 
of medieval industry. By a judicious selection of materials it is therefore 

* Vide B. J. Stern, Restraints upon the Utilisation of Inventions, Am. Acad. Pol 
Soc., November 1938 . 
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easy to brief a case for the belief that the dominant influence of technologi¬ 
cal agencies is now much the same as might have been inferred from the data 
available in the middle of the nineteenth century. 

A closer scrutiny of the facts which lie before us forces us to modify tMs 
judgment. Since the advent of hydroelectric power, the internal combustion 
engine, wireless communications and aviation, new tendencies have become 
evident, working in a different direction. No doubt those who grasped what 
was significant in the technological orientation of 1870 would have no diffi¬ 
culty in R aping this, if they were still alive. Their disciples would also see it if 
they approached current events with the same freshness of outlook. Today 
there is no influential school of political thought guided by a clear understand¬ 
ing of the effects of current changes of industrial technique on occupational 
mobility, international relations, parental responsibility, prestige values, 
permanence of employment, or social stability. From this point of view con¬ 
temporary political doctrines fall into two groups. The first interpret politics 
in terms of natural rights of caste and race, or moral rights of property and 
poverty. The second is content to mterpret it in terms of the technology of 
the steam engine. Between the two there is little to choose. A social policy 
based on caste, monetary values, or moral indignation offers no conatoctive 
guarantees. A militant programme based on the technology of 1870 now 
invites disaster. Let us therefore examine in turn each of the three doctrines 
stated in an earlier paragraph. . 1 . , • 

The belief that increasing scientific knowledge makes for doser ecoimimc 
interdependence, and, what was often stated as a corollary to this, the beM 
that this increasing interdependence provided a guarantee of world i«ac®, 
was a dogma universally held by progressive thinkers in ffie nineteenth 
century. This was not unnatural in the first flush of surprise which fol¬ 
lowed the introduction of steam navigation, transcontinental railwaj^, and 
oceanic telegraphy. Our own perspective is different. We have seen in Sasnee 
for the Citizen that Chile saltpette can now be made out of atmospheric mtto- 
gen, that Cheddar cheese cm now be made anywhere, that hospitals are using 
radio-active sodium prepared from ordinary salt instead of having to import 
the rare radio-active minerals, that the (ffiannel Islands am no longer 
regarded as a sufficient guarmtee of the genetic creden^ of cattle, that we 
may soon be making most of our machinery of aluminium from ffie clay of 
our soils and magnesium from sea salt, that we are already begmnmg to feed 
our pigs on the disintegration products of wood pulp, to grow several crops 
of tomatoes a year by tank gardening, and to produce sugar by the agency 

of bacteria from vegetable waste matter. ^ ua, far 

Without committing ourselves to any dogmauc assertions about how fat 
this will go on, what we cm say is this. The pramcal outcome of some of 
major achievements of scientific discovery during the past two censes 
Ss been to inaease the potential local self-sufficiency asmimtmis&c 
satisfaction of fundamental humm needs. Opimons may wefi differ abom 
what conclusions are to be drawn from this, md offiy two comments will 
added. One is that it permits us to entertain the possibihty of a less wn^ued, 
Z therefore less bureaucratic md less congested, type of world orgamza- 
tion as a goal for rationally guided effort. Theother is tins. The war-mongers 
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of Central Europe and elsewhere know too well that Free Trade is no longer 
part of the ideological temper of the age in which we live, and tltat the 
appeal for national self-sufficiency canalizes discontent with the dreary 
futilities of planless mechanization in congested modem communities. It^is 
therefore a tragic fact that those who have the will to peace too often resist 
propaganda for self-sufficiency with arguments which antedate the synthetic 

manufacture of riitrate fertilizers. , t • 

Of itself the appeal for self-sufficiency is neither good nor bad. In Fascist 
States social policy is dominated by the death wish, and self-sufficiency is 
advocated as a means of war-maldng without regard for the social welfare of 
the citizen. Where social policy becomes alert to the new powers and mven- 
tions available for human well-being, the satisfaction of basic human needs 
will take precedence over the multiplication of useless commodities to distract 
neurotic urban populations, and the merits of more or less industrial 
specialization will be examined with proper regard to the distribution of 
population in congenial and healthy surroundings. The doctrme of Free 
Trade was sustained by the moral conviction that the greatest good of tlie 
greatest number is the same as the greatest number of goods available to 
the greatest number of people. For privacy and serenity of life, the satisfactions 
' of parenthood and the graces of human fellowship in modest communities 
Free Trade offered tlie compensations of the Department store and labour- 
saving flats in flowerless streets. 

Free Trade accepted the urban squalor of a coal economy as the price for 
its own definition of prosperity, Today scientific knowledge offers us the 
possibility of a new plan of social living more akin to the Utopia of a William 
Morris or an Edward Carpenter. Mobile power, aviation, and electrical com¬ 
munications make it possible to distribute population at a high leveUf 
productive capacity witliout the disabilities of cultural isolation. The beehive 
community of Tree Trade has robbed tlie citizen of a Hvely interest in his 
immediate social relations without promoting the will to peace abroad. 
Co-operative organization in the age of hydro-electric power, of light metals, 
of artificial fertilizers and applied genetics offers us the use of new means of 
transport and new means of communication both to restore the serenity of 
small community life and to promote a lively sympathy with folk who live 
in other lands. Broadcasting has now brought the cultural benefits of travel 
to the bedside; and scientific horticulture offers us a programme of bio- 
aesthetic planning which may prove more congenial to basic human needs 
than the spectacle of Woolworths’building. 

The straphanging multitudes of our great cities need circuses as well 
as bread. It is no longer Utopian to ask what sort of circus human nature 
demands. The Third Reich has given its answer. The answer is Jew- 
baiting, war, and neo-pagan weddings. The revolt against the beehive dty 
of competitive industrialism has already become a retreat into barbarism; 
and the retreat will continue unless science can foster a Hvely reco^- 
tion of the positive achievements of civilization by reinstating faith in a 
future of constructive effort. This faith is still confined in the strait- 
jacket of the City State mentality. We read of gigantic schemes of public 
works. Pretentious flood-lit buildings for; bureaucrats dwarf the temple 
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observatories of the slave civilizations. Along new macadamized roads 
machinery will propel the chariot of a new Pompeian plutocracy, escaping to 
the childless villa on the Chiltern hills. We trifle with makeshifts to meet the 
grosser grievances of a competitive economy while biological science offers us 
a multitude of expedients for beautifying* human existence. 

From this glimpse of a new prospect of neighbourly relations between 
nations let us return to other aspects of the impact of science on society, 
A second doctrine which seemed to be supported by the advent of modern 
power production was the progressive degradation of skilled work during a 
period which witnessed a great reduction of highly skilled handicraft. Even 
before the introduction of electricity as a source of power, the conduct of a 
mechanized and more highly urbanized society had initiated changes which 
counteracted the cultural process of levelling down. Universal schooling, a 
popular Press, free libraries, succeeded one another in countries with a 
democratic constitution. With the coming of electricity as a source of power 
industry came under the impact of new problems of costing and new technical 
advantages of mobility. Where it has been introduced into the factory, it has 
created a demand for a new type of skill and special training, while dis¬ 
pensing with a large volume of unskilled and casual labour which can be 
done by machinery. To see the impact of the new technical forces most clearly 
we need to examine the statistics of a country which is in a more advanced 
state of technical development than Britain. In his recent book Insurgent 
America^ Alfred Bingham has made an analysis of the growth of social 
classes in the United States during recent years, and finds &at the new type 
of skilled and adminis trative employee has steadily increased in proportion to 
labourers performing heavy unskffied work. 

Thus modem technology has brought into bemg a social group with 
social aspirations and a social status of its own. Its social aspirations for 
further opportunity of employment can be realized only by the further 
extension of technical improvements which have encouraged its growth. 
For the time being, at least, it is still growing and, at present, politically 
inarticulate, It may therefore play a decisive role in the success of any socid 
movement which can claim its allegiance. In a period of social crisis its 
importance should not be judged by its numerical strength, because its 
personnel commands resources against which mere man power is helpless 
and barricades are literary illusions. If it can be enlisted in a task which will 
offer it far greater opportunities of creative service than it now enjoys, the 
transition from a discredited and demoralized competitive to a rationally 

* More often than not, Back to Nature is a confusion of terms. Wltat generally 
gains admiration for the beauties of the English countryside is not nature as such, 
Untouched nature is generally monotonous. English paiidands,diedgerows, and many 
of our woodlands are the result of human interference, sometimes by the deliberate 
action of enthusiastic pioneers of bio-aesthetic planning, like John Evelyn, and .some- 
times as relics of past cultivation. Bio-aesthetic planning need not be confined to 
horticulture. The Japanese keep fireflies as pets, and peacocks Were once common 
in the gardens of the rich. We have it in our power to make our roadsides and gardens 
a symphony of song and colour by choosing our own co-habitants in a biologically 
planned ecology of human satisfactions. A co-operative commonwealth could efface 
the skeleton grin of sillt stocking and soap advertisements along our boulevards by 
vegetation flowering throughout the seasons, 
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any dictator movement which offers the prospect of breathing space, it may 
become the instriinient for destroying democracy, freedom of discourse, and 
the hope of peace. 

In the economy of private enterprise the use of science is primarily directed 
to increase profits for shareholders even at the price of recurrent unemploy¬ 
ment, depressions, and national distress. It is secondarily applied to the 
welfare of the worker, where civic organization undertakes the responsibility 
of planning its use through such instruments as the Industrial Health Board 
of the British Medical Research Council. Inescapably on that accoi^t, the 
wage earner and his representatives have been hostile or suspicious in their 
attitude to technical innovations, while disposed to sympattoe indiscrimi¬ 
nately with proposals for extending the scope of public enterprise. So the 
social aspirations of tlie highly trained worker and of the wage earner had 
little in common while private enterprise could guarantee the continued 
expansion of industry with new opportunities of advancement and promo¬ 
tion for special skill and training. The prospects of the salaried worker in 
highly industrialized countries such as Britain and America become less 
reassuring as the domain of private monopoly extends. In Britain large-scale 
unemployment has produced a drift of the working population from depressed 
areas to localities where no pre-existing tradition of organization safeguards 
their own interests. Their representatives are now compelled to examine 
proposals for creating new industries with a propssive technical outlook. 
For both reasons a new sympathy of outlook is uniting different sections of the 
productive population in a common endeavour to prevent ±e frusttation of 
science by social parasitism. Mr. Ritchie Calder refers to this growing sense 
of the frustration of science in a recent address: 

Big industrial interests, with whose profits new discoveries or inventions 
might interfere, will sec the discoveries starve for want of money to develop 
them or will buy them up and “put them in the ice-box.” That was Sir Josi^ 
Stamp’s phrase when he pointed out, at the British Association, that a big 
concern had to decide whether it was “economic” to introduce a new process 
before an py i sfing one was obsolete. And there is some reason in thatj but, as 
I commented at the time, who is to be the arbiter? Is it to be the worker who 
may be displaced when an industry discovers that a new process is “economic” 
because it employs less labour? Is it to be the public who might gain by a new 
discovery? Or is it to be those who were already making profits out of the old 
process so long as it had no competitor? Who had the right to decide when gas 
mantles should be introduced? Was it the gas companies who might have 
reason to suppose that the old rat-tail jets used more gas, or die public who were 
to get the benefit of better light? Who should decide—shareholders with an 
interest in buttons or citizens who may find a use for zip fasteners, the silent 
film producers or the audience that prefers talkies, the war makers who want 
carbolic acid for explosives or the householders who could see a better use for 
spthetic plastics? 

A third characteristic of the first phase in modern power production has 
been mentioned. This was the mcreasing mdHtancy of the employed classes 
in face of the social abuses which followed the spread of the factory system. 
In mobilizing the vrill to a rationally planned society today we may now 
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make a great mistake if we rely on sentiments which have no rational support. 
A new psychological feature has been introduced into social relationships 
by the invention of electrical communications and by the cinema. One side 
of the picture is that we are no longer Uviag in an age when the peasants of 
Essex would march up to London to be hanged one week, and the peasants 
of Kent, enthusiastically ignorant, would march to Westminster to share the 
same fate a fortnight later. In the age of the radio the penalties of one false 
step motivated by misguided enthusiasms are stupendous. 

The other side of the picture is that men of good will and constructive 
aim have at their disposff far more powerful weapons than the pen. The 
majority of men and women are capable of responding to the common needs of 
tlieir fellows, and their common response when the Malnutrition film based on 
Sir John Orr’s work was shown in Britain during the past year is a hopeful 
portent. One reason why the Protestant Reformation succeeded was that the 
Protestant reformers exploited the printing press, then the newest technique of 
communications. This suggests one answer to the question, will the accumu¬ 
lated scientific knowledge of the last century be made available for the satis¬ 
faction of common human needs? We may hazard this: only if those who have 
the will to see it so used organize the use of the new instruments of electrical 
communications. In the age of the pamphleteers it was said that the pen is 
mightier than the sword. This is not the age of pamphleteers. It is the age 
of the engineers. The spark gap is mightier than the pen, Democracy will not 
be salvaged by men who can talk fluently, debate forcefully, and quote aptly. 

Advancing scientific knowledge has swept away many beliefs which sus¬ 
tained popular aspirations in the formative stages of modern democracy. 
The providential ^spensation which endorsed the same plan of governance 
for Church and State, the mythology of the Beautiful Savage and meta¬ 
physical libertarianism with its hypertrophied insistence on the diversity of 
personal preference, do not belong to the century in which we are living. 
In their place modem science offers us a new social contract, The social 
contract of scientific humanism is the recognition that the sufficient basis 
for rational co-operation between citizens is scientific investigation of the 
common needs of mankind, a scientific inventory of resources available for 
satisfying them, and a realistic survey of how modem social institutions con¬ 
tribute to or militate against the use of such resources for the satisfaction 
of fundamental human needs. The new social contract demands a new 
orientation of educational values and new qualifications for civic responsi¬ 
bility. In so far as our narrative has exhibited the place of advancing sdentific 
knowledge in the progress of civilization and the impetus which science 
has received from expanding opportunities for the satisfaction of common 
human needs, Science for the Citizen is a modest contribution to the new 
orientation. 

The fundamental issues which separate the standpoint of scientific 
humanism from the axioms of orthodox politics are summed up in two 
quotations taken from a recent issue of a newspaper report of a debate in the 
British House of Commons. The official view was stated by the Minister of 
Labour who said that “trading estates in the distressed areas had brought 
new hope to men and women whose outstanding need was the healing power 
2M 
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of work*’ Against this the Opposition urged that “it was the primary duty 

of the Government to cw/e wi” . t. tt • j 

Representatives of all tlie orthodox parties in Britain and in the Umted 
States are all agreed that it is “the primary duty of the Government to 
create work” As a provisional expedient for immediate action this is 
plausible within limits. What matters is whether Governments are creating 
work which will bear fruit in a reduction of drudgery or the destruction of 
life, in creating common comforts or in erecting pretentious monuments. 
Scientific humanism asserts that it is the primary duty of Government to 
create leisure and abundance. The costing system of those who believe that 
creating more work is the first concern of statesmanship is the banker s 
balance sheet. The costing system of scientific humanism is the balance 
of inanimate power and human effort as set forth in Chapter XII. The 
professional apologists of the banker’s balance sheet are now the last survivors 
of the Aristotelian tradition. Aristotelian sociology embodies the determinauon 
to perpetuate servile toil. Aristotelian physics reflects the limitations which 
slave labour imposed on the further progress of scientific knowledge. Scienufic 
humanism rejects the self-evident principles of Aristotelian sociology as it 
rejects the self-evident principles of Aristotelian physics. 

In Britain a realistic study of how social institutions assist or impede 
the satisfaction of human needs united to an inventory of scientific instni- 
ments now available for satisfying them will not come from our universities, 
where the teaching on current social problems is dominated by the dreary 
futilities of deductive economics. Men and women who bring the live 
curiosity and painstaking industry of the naturalist to bear on problems of 
contemporary society will not be products of an established social culture. 
Like the Webbs, they will be the symbol of a popular movement. So was it, 
when new industries created a new social demand for chemistry and electri¬ 
city. As then, the makers of the New Social Contract will be tlie founders of 
a new social culture. 


Appendix 

ON POSITION FINDING 
BY MEANS OF 
SUB-CELESTIAL POINTS 


FOREWORD 

In these times many readers will be more interested in the 
technique of position finding in air than at sea or on land. The 
ensuing notes are for those who have grasped the principles of 
navigation and cartography set forth in Chapters Hand IV; 
and wouldlike to understand the underlyingprindplesinvolved 
in their application to the peculiar difficulties of navigating at 
a speed which precludes protracted computations or delayed 
observation. 

LANCELOT HOGBEN 


By means of the spherical triangle formulae on pp. 190-198^ we can 
get our latitude and longitude on land from simultaneous measurements 
(pp. 188-200) of the altitude and azimuth of a single celestial body at 
any moment referable to Greenwich 'time. For various reasons, it is not 
practicable to determine the azimuth of a celestial body accurately in 
a ship or other vehicle. As far as possible, the shipls navigatbr therdifore 
makes use of meridian altitudes (pp, 98 and 99). At night’ tiie officer 

meridian, but we can rely on only one celestial body—the^stm-duriiig 
the daytime. If clouds conceal the sun at local noon, the’usual method 
of observing the value of the sun’s maximum altitude and the Green¬ 
wich time at which it is at its highest, point in the heavens fafls us. To 

method. The principle of Sumner’s method is as follows: 

Any star of declination D is a zenith star (p. 90) of any place at 
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latitude L = D. On the latitude circle L there is therefore some spot 
at any given moment^ where a star of declination D = L is at the 
zenith. This spot whose latitude is L is called the suhstellar point of the 
star at this moment; and it lies on the meridian of longitude in the 



Fig. I.—The Subsolar Point 


The sun’s R.A. circle is directly over the meridian of longitude Ij on which the 
subsolar point lies at latitude L=D (sun’s declination). P is the position of a 
ship on another meridian lj{). The hour angle H between P and S is the angular 
difference between the sun’s R.A. circle and the R.A. circle passing through the 
zenith (Z) of P, and is therefore also the difference of longitude between P and S. 
The line joining S to the earth’s centre gives the direction of the sun’s rays, 
since the sun is at the zenith above S, and the inclination of the sunbeams to 
the line tkough P, its zenith (Z) and the earth’s centre is the z.d. of the sun at 
P. This is therefore the angular measure of the arc of the great circle passing 
through P and S. 

same plane as the Star’s R.A. circle at that moment. What is true of a 
star is also true of any celestial body, e.g. the sun. At any given moment 
there is a subsolar point where the sun is directly overhead, Its latitude 
is the sun’s declination and since the sun is on the meridian its local 
time is noon. If the chronometer gives Greenwich time as x hours 
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(after noon) its local time is x hours behind, and its longitude is 15X'’ 
west of, Greenwich (p. 79). Let us suppose that Greenwich time is 
lo.o a.ra., and that our nautical almanack gives the sun’s declination as 
+ 18°. The subsolar point is then (15 X 22)° = 330° West, i.e. 30” 
East of Greenwich. Hence the subsolar point at that moment is at 
Lat.i8‘’N,Long.3o‘’E. 

Since the line which joins the zemth to the observer also goes through, 
the earth’s centre (p, 57), the subsolar point has a simple geometrical 
relation to our position on the earth’s surface. The sun’s rays lie in the 
direction of the line joining the subsolar point to the centre of the 
eartli, and the angle between this line and that which goes through the 
observer and the earth’s centre is the angle it makes vdth the observer’s 
plumbline, i.e. the local zenith distance of the sun (Fig. i). In other 
words, the sun’s z.d. = is the angular distance between the observer 
and the subsolar paint . One degree at the earth’s centre subtends an arc 
of approximately 69 laM miles (p. 85) along any great circle. In what 
follows we shall take this value as correct for illustrative purposes. We 
can therefore say that the observer’s position is 69 land miles by 
great circle sailing from the subsolar point. Any point on a circle of 
radius 69 miles with the subsolar point as centre fulfils this condi¬ 
tion. From one observation of the sun’s z.d. all we can therefore tell is 
that we are somewhere on a particular circle which we can trace out on 
the globe. 

Having traced out this circle 69 miles by great circle sailing from 
a point 18“ N. 30° E., we can take a second reading when the sun’s 
z.d. is Za®. Let us suppose that the chronometer then gives Greenwich 
time as 4 p.m. and tables give the sun’s declination as 18-05°. Our 
position is somewhere on a circle whose radius is a great circle arc of 
Za® with its centre at the subsolar point, now 18-05 N. 60 W. If we trace 
this second circle on the globe it must cut the first one at two points; 
and if we have kept at the same position during thetime between thetwo 
observations, our position must be somewhere on both of these circles. 
Therefore it must be at one of these two points (Fig. 2). We could 
decide in favour of the correct one by a rough estimate of the sun’s 
azimuth at any one reading which gives us an estimate of our 
latitude and longitude; but this is rarely necessary. We know which to 
choose from what we know about the ship’s course by dead reckoning, 
since the last previous fix on a previous day with propitious weather. 

In real life a ship does not stick to the same spot P between successive 
observations at times 4 and It moves from Pi where the sun’s z.d, is 
Zi to P2 where the sun’s z.d. is Zg; but it is a simple matter to recon¬ 
struct what would have happened, if the ship had kept its station at 
either its initial or its final position. All we need is a correction for its 
z.d. at 4 on the assumption that the ship was then at Pg- On that 
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assumption its z.d. would have been the z.d. of all places on a great 
circle with its centre at the subsolar point and with P2 somewhere on 
its circumference. Now the arc of a great circle joining the subsolar 
point to Pj is tlie meridian bearing of the subsolar point with reference 
to Pu and tliis is also the sun’s azimuth at 1 ^ when the time is ti. If Pg 
is y miles beyond P^ on the same arc, (y 4 - 69)° is the required correc¬ 
tion; and y is the number of miles through which the ship has to sail to 


^.Voh 



Fig. 2,—■Position Finding from Two Subsolar Points 

Si and Sj are successive subsolar points at times h and h respectively. The radii 
of the two position circles Zj and being respectively the sun’s z.d, at time tj 
and at the ship’s position. The ship is somewhere on both these circles and 
must therefore be either at P or p. If we have a rough idea from knowledge of 
the ship’s course, we know that it cannot be at one of them (say p) and must 
therefore be at the other, Anyway, a rough estimate of the sun’s azimuth at P 
settles ±e question. 

get from to Pg if its track coincides with the meridian bearing of the 
subsolar point at time ii. If the ship’s course sticks to tliis great circle 
we can therefore put in the circle which connects all points where the 
sun’s z.d. would kve been the same as at Pg at time 4. Since Pg is on 
this circle and also on the position circle of radius Zg from the substellar 
point at 4, our final posiuon Pg is one of the points of intersection of 
the two circles. Now we know how far it is from Pj to Pg by dead 
reckoning, if we know tlie ship’s speed. If we also know its direction 
by compass bearing, we know , the inclination of its track to the bearing 


t. 
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of the subsolar point at at time 4; and if it has moved m miles at an 
inclination oia°,y = m, cos .a. 

We might use a star in exactly the same way. If we Imow the R. A. of 
a star we Imow (p. 93) how many hours elapse between its transit and 
local noon at any given spot. Thus we can find (pp. 88 and 99) the 
latitude and longitude of the substellar point of any star at a particular 
moment of Greenwich time, as given by the chronometer. On a ship 
there is little to gain from tracing two position circles based on sue- ' 
cessive z.d. measurements of a single star. If there are not too many 
clouds to prevent two such observations, there will not be too many 
clouds to prevent a single determination of the transit of one of the 
man y easily recognisable stars which south in the hours of darkness. 
Still, we can—if need arises—^dapt the principle of Sumner’s method 
to take advantage of a short period of cloudlessness in a night otherwise 
overcast. 

This adaptation is the basis of position finding on a night, flight, 
when no beam control is available. A ship does not move very far 
during the intervals between occasions when some recognisable star is 
in transit; but an aeroplane can do so. Consequently, it is advantageous 
for the air pilot to have a means of location which does not involve 
waiting for the transit of some star which he can recognise for reference 
in tables of declination and R.A. If we take simultaneous observations 
of the z.d. of two stars we can trace a position circle around the sub¬ 
stellar point of each, and we can choose the two stars to give circles 
whose points of intersection are a thousand or more miles apart. We 
have therefore no doubt about which of the two points of intersection 
of the two position circles is the one which specifies the observer’s 


To trace out a position circle of x° radius from a subsolar or sub¬ 
stellar point on the globe, it is merely necessary to lay off a circle with . 
the same radius as a parallel of latitude (90 -• a:)°. We can do this 
roughly by means of a pin, a thread and a pencil, or with compass 
constructed to draw circles on a spherical surface; but to get our 
position correct within a mile, we should need a very large globe, much 


too large for a ship and ajortion muen too large lor a pianc. lu wici- 
mine the appropriate point of intersection of two position circles in real 
life, the sea or sky pilot has to work with a chart. In the neighbourhood 
of the dead reckonihg position on a large scale chart, the arc of an 
actual position circle about a given sub-celestial point does not appre¬ 
ciably differ from its own tangent, i.e, from & straight line. All position 
circles about a given point on the globe are concentric, and if the 
angular radius of the position cirde is large, i.e, if the z.d. of the star 
is over 15°, all corresponding arcs on a large scale chart appear to be 
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Since the radius of the position circle around the sub-celestial point is 
also the z.d. of the celestial body at the same moment, a difference of f 
between the radii of two position circles corresponds to a z.d. difference 
of 1° between places situated on one or the other. This means that 
places on parallel position lines drawn 69 land miles apart on our chart 
are places where the z.d. difference is 1°. Conversely, if the difference 
between the z.d. of a star in two places on our chart is 3c°, the two places 
lie on two parallel lines 69 x miles apart. If we know the bearing of one 
of them, we can therefore draw the other with the same bearing at the 
appropriate distance from it. To draw our actual position line with as 
litde delay as possible, we therefore need a reference line joining places 
of the same known z.d. at the moment when we determine the actual 
z.d. of the star. Thus our problem is how to put on the chart such a 
reference line—or rather two such reference lines, one for each of the 
two stars we use to get the point of intersection of two actual position 
lines. 

On the surface of the globe an arc joining a reference point of known 
z.d. to the substellar point cuts the meridian on which the reference 
point itself lies at an angle which is the azimuth, or meridian bearing, 
of the sub-stellar point with reference to the observer’s position. On 
our large scale chart the arc is a straight line which cuts the meridian 
on which the reference point Hes at tlie same angle. This line represents 
the radius of the position circle through the reference point. The posi¬ 
tion line being tangent to the position circle at this point, is at right 
angles to it. We can therefore draw our reference line if we have two 
data: (1) the location of any point of known z.d. at the moment when 
we make our observation of the actual z.d. of the appropriate star; 
(2) th.e meridian bearing or azimuth of the substellar point at the same 
place. 

Suppose we chose any point of specified latitude and longitude near 
our dead reckoning position at a given moment when we propose to 
find the actual z.d. of a star. Such a point is one apex of a spherical 
triangle (Fig. 3) of which wo sides are its co-latitude and the co¬ 
declination of the star chosen. The included polar angle is the hour 
angle or difference of longitude between the substellar point and the 
reference point. We can therefore solve for the remaining side and 
remaining angles by use of the spherical triangle solution forumlae on 
pp, 191 and 192; or by recourse to tables based on them. Now the third 
side which joins the reference point to the substellar point (Fig. i) is 
the z.d. of the star at the reference point at the moment'specifled, and 
the angle between this side and the side which joins the reference point 
to the pole along the meridian of the latter is the azimuth, i.e. meridian 
bearing, of the substellar point, and of the star itself, at the reference 
point. For any point of assumed latitude and longitude near our dead 
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reckoning posidon at any assumed time we can therefore specify the 
z.d. of a star and its meridian bearing. To do so, we merely reverse the 
procedure for getting latitude and longitude from direct observation of 
the azimuth of a star, its z.d. and standard time. 

For instance, we may reckon that we are going to be somewhere near 
54^° N. ioJ°E. at 8'45 p.m. chronometer time, ten minutes later, when 
we propose to check up our position accurately by making simultaneous 
sextant measurements of the z.d. of Aldebaran and z.d. of Altair. To do 



Fig. 3.— Spherical Triangle of Reference Point ^R) of known latitude 
AND LONGITUDE 

A = azimuth of subsolar point (S) with reference to R. 

H = hour angle of S with reference to R (== difference of longitude between 
RandS). 

this we can lay off position lines for the substellar points of these two 
stars at 8-45 p.m. chronometer time passing through a point 54° N. and 
10° E. To get these lines we merely need the meridian bearing of their 
substellar points at 54° N. and 10° E. and 8-45 p.m. chronometer time. 
Having got the two angles from the solution of the corresponding 
triangles we put the bearings on the chart and draw the position lines 
at right angles to them. Our solution also gives us the z.d. of the two 
stars on the position line at the moment of observation and our obser¬ 
vations (at 8'45 p.m.) show us by how much (% and Xg) the z.d. of each 
star at our actual position, differs from the z.d. of the corresponding 
2M* ■ 
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stars at . our reference point or “assumed position.” All that remains is 
to lay offlines parallel te our two reference lines 69 and 69 miles 
apart from them, and to read off the latitude and longitude of the point 
at which they intersect. This is our real position. 

To plot our actual position line correctly we have to take a more 
accurate value than 69 miles for the length of a circular arc which 
subtends f at the earth’s centre. Needless to say, our chrono¬ 
meter reading gives us Greenwich man time, and we have to use 
Greenwich ioca/ time to get the hour angle of the celestial body at our 
assumed position at the appropriate moment. We do this as explained 
on p. 63 by reference to tables of the “equation of time.” To take 
advantage of tabulated solutions of spherical triangles, when making • 
necessary computations for laying off reference lines we have to choose 
the latitude of our assumed position as a wfwle number of degrees and 
a longitude so as to make integral the hour angle of the substellar point 
w.r.t. the reference point. 

To simplify the preceding explanation, we have considered our two 
observations on the z.d. of the two stars as simultaneous. In practice, 
accuracy demands the mean of several values of each. The interval 
between completing the two sets is of no significance, if the vehicle is a 
ship; and two officers can co-operate on a large ship to make truly 
simultaneous observations, if the need for such arises. For air transport, 
the interval is sufficient to permit a displacement of say 15 miles. So the 
air pilot’s problem at night is on all fours with the mariner’s problem 
by day. To get the required point of intersection he does not use his 
actual position line at q. He shifts the first position line in the direction 
of the plane’s flight. The amount depends on the inclination a of the 
plane’s course to the meridian bearing of the substellar point of the 
first star, If ns the ground speed, the distance traversed in the plane’s 
track during the interval is s . (h - 4) = m miles, and the required 
shift is »2. cos a°. 


ANSWERS TO EXAMPLES 

(Edited by Mr. Richard Palmer.) 


Chapter I 

2. November 4th. 

3. 74f S. 

4. July 3rd. 

11. (a) N. (b) on equator. 

12. (fl) leio N. (&)11FN. (c)73J“N. 

13. (n)73fS. (6)73|°S. 

16. (a) Oct. 16th, Nov. 22nd. (b) Oct. 7th, Nov. 28th. 

(c) Jan. 6th, March 25th, July IVth, Aug. 4th. 

17. 1.30 p.m., 1.18 p.m., and 1,22 p.m. 

Chapter II 

I, Declination: 0°, 23f N., OVSBi^S. R.A.: 0 hour, 6 hours, 12 hours, 

18 hours. 

3. Lat, 60° N.j Long. 6*° W. approx. 

4. 2 hours 28 mins., 8.1 p.in., 48|° W. 

6. 46°N. 

6. 48°16'W.,57°24'N. 

7. Sept. 23rd. 

8. Thin, waning crescent, 5.8 a.m., 11.8 a.m. 

10. 7,900 miles approx. . 

II. N. Devon. 

12. About Sept. 24th. 

13. Staffordshire. 

Chapter HI 

1, Just within principal focus, 26 tV^ from mirror, 

2, To 12" from lens. 

3. Both distances 16". 

4. Book from lens 40", plate from lens 10", 

6.9". 

6. 16° 63', 

7. 14 ft., 6 ft, 

8. (fl)3 (&)6. 

9. (fl)6'006" (i) 4-908". (c) 6-264", (d) 6-919". 

10. 83° 36'. 

11. 44° 69'approx. 

12. Converging, 100 cm. 

13. Diverging 168|cm, 

14. Diverging 260 cm. 

16. +2,-31,-6. 

17.431°. ■ 

18. 1-89. 

19. 40-6'. 

20. 2*4", 

21. 49' ' ■ ' • ' 
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22. 60 >6 cm. from the lOc.p. lamp towards, and 32-6 cm, from the 16 c.p. 

lamp away from the other lamp. 

23. 2-41 to 1. 

24. 1 X 10^’ candles. 

Qhapter IV 

1, 3,460, 1,660, and 180 land miles. 

3. 66 -7°, 7.33 p.m. 

4. Rising: 6.40 a.m., 7 a.m., 7,28 a,m. Setting: 6,20 p.m., 6 p.m., 4.32 p.m. 

6 . London: 7.32 a,m.,4.66 p.m .3 66 ° from S.j New York: 7.7 a.m., 6.21 p.m., 

70° from S.; Cape Town: 6.33 a.m., 6.56 p.m.3 72° from S. 

6 . Before: Vega sets 6.30 p.m ,3 rises 7,38 p.m., 6 ° from N.j Sun rises 6.23 a.m., 
sets 6.66 p.m ,3 86 ° from S. After: Vega sets 6.36 p.m .3 rises 6.40 p.m., 
6 ° from N. Sun rises 6,62 a.m., sets 6.19 p.m., 86 ° from N. 

8 . 78°, 63°. 

9. 0-376tol. 

10. 226 days, 687 days, 0-476 to 1. 

Chapter V 

1. 7 m.p.h. 

2 . 20 yds, 

3. 3-83m.p.h.,30B°W.ofN. 

4. 18°W.ofS. ' 

6 , 1-104 miles, 

6 . 36-04 cm, 

7. 5ft., 2^ ft., lift, f ft. 

8 . 77-.48gm. 

9. 612poundals. 140-143 X 10“ dynes. 

10. 6 cwt., lO'CWt. 

11. 37|lb. 

12 . 210 lb., f of distance along pole from the stronger. 

13. 8 - 68 lb., 251b., 36-351b,3 43-31b„601b. 

14. 00°. ■ 

16. 6-656, 10-94, 16, 20-67, 24-61, 27-71, 30-07, 31-62, 32. 

16. 8 ft„ 16 ft./sec.j f ft., V-ft./sec.j f ft., -'r ft./sec. 

‘ 17. (a) 0-465 sec. ( 6 ) 103-62ft. (c) 4-714ft./sec. (d) 8-368ft,/sec, 

18. 30°. 

19. 976 cm, per sec.®, 13,826 dynes, 4-424 x 10“ dynes. 

20.1281b. 

21. (a) 4-6 tons, ( 6 ) 6-04 tons. 

22 . ^ton, 41b. 

23. 68 f ft./sec. 

24. 2,200 ft., 0-44ft./sec.®. 

26. 266 ft,, 4 sec. 

27. 3 secs., 30 yds. 

28. 43-8 ft./sec,, 1-37 secs. 

29. Oft. Sin., 7ft. 10in. 

30. 30 m.p.b., 0-183 ft./sec.®. 

31. 3,600ft. 

32. 34r. 

33. 39° 12'or 60° 48'. 

34. After i or 6 secs., 16Vl33ft. or SOV'lMft. 


Answers to Examples 

36. (a) 14-34ft./sec.®, (6) 0-1112 ft./sec.®. 

36. 49° 3', 66° 33'. 

37. 2|in. 

39. 21f in.,6ft. 

40. 32-16 ft./sec.®. 

42. 40-3 in. 

43. Loses 18 secs. 

44. 0-4 per cent. 

46. 8-3lb. 

46. 1-372 cm., 0-0246 cm. 

47. 2-43 ins. per lb. 

48. 4 secs, 

49. 32-214ft./sec.®, 32 - 204 ft./sec.®, 32-176 ft./sec.® 

60, 9-981 lb., 10-002lb. 

61. 32-1186ft./sec.®. 

64. 2 , 444 -6 ft., 6 secs. 

i. 66 . 4888-3 ft., 0-016 ft./sec.®. 

} 66. Radii: 2,179, 2,237, 2,490, 2,671, 2,024, 3,064, 3,464, 3,985 miles. 

Speed: 670, 686, 652, 673, 687, 802, 907, 1,043 miles per hour. 

67. (fl) 32-227,32-226,32-217,32-214,32-212,32-194,32-176,32-149ft./sec.®. 
{b) 39-183, 39-181, 39-171, 39-167, 39-165, 39-144, 39-122, 39-089 in. 
j 68. (u)17i (6)84. (c)24|. (d) 11 seconds. 

■ 69. 178 sec. slow. (The oblateness of the eartli also causes a variation of gt 

in tlie same direction and about half as big as the variation due to latitude. 
The answers to the last three examples neglect this. To get answers 
nearer the truth, multiply the latitude variations of g) pendulum, and 
clock by 1-62.) 

60. 46-0 feet West. 

; 61. 36° to his path, 

i 62. (10 m.p.h. 

63. 14-14 m.p.h. S.E. 


Chapter VI 

T. 2-6ft. 

2. 18,300 and 36-7. 

3. 132-8 cm. 

4. 4,466 feet, 3-76 ft./sec 
6 . 0-86 mile. 

6 . 2,240 ft. 

7. 34-64 secs, 

8 . 642-6, 463-6. 

9. 60 m.p.h. 

10 . 661, 666 . 

11 , 608-3 yards. 

18.366-3. 

14. 60-6 feet. 

16. 2 . 

16. 260. 

17. 617. 

18.6,4. 

19 1,037. 

20 . 68-2 m.p.h. 
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21. 201,600 miles pet'sec. 

22. 327,468 radians per sec. 

23. 8'33 revs, per sec. 

24. 4*63 revs, per sec. 

Chapter VII 



1. <0-69, 0-87, 0-97, M, 1'26,1'37. 

2. (a) -23'38,9'62,-6'06,-9-13, -128,-216-2ft./sec.^. 

(6y26-93, 29-65,27-83, 27-49, 14-40, 4-78 ft./sec.2. 

(c) 27-90, 30-34, 29-18, 28-95, 20-16, 13-60 ft./sec.*. 

\d) 29-17, 30-86, 30-06, 29-90, 23-82, 19-31 ft./sec.® 

3. 102-6 kg. per sq.cm. 

4. 11-lc.c. 

6. 60®. 

6. 1 to 3. 

7. 16-8 tons. 

8. 26 tons. 

9. 26-88ft./sec.2, 27-94ft./sec.2, 28-73ft./sec,V . 

10. 3-6 tons, 0-09inch. 

11. 1,210 cm, 

12. 9-97 lb. per sq. in. 

13. l,800feet. 

14. 104. 

16. 63,370 dynes per sq. cm. , 

16. 160-6c,c., 67-24 cm. 

17. 11 to 1. 

18. 28-6 cm. 

19. 30-7 inches. 

20. 74-1 cm. 

21. 2-7 feet. 

22 . 1-68 litres. 

100 

23. P - 1 - 64 cm., ^ ^ cm. where P is the barometric pressure. 

24. 13-92i 12^42,and9-21ft./sec,2. 

26. 6-2 cm. 

26. 8-76 cm. 

27. (a) 0 - 00499 inch. (6) 0-0497 inch. (c) 0-472 inch. 

28. (a)l. (6) 1-014 X 109. 

29. 0-000089 gm./c.c„ 0-00143 gm./c.c., O-O0126 gm./c.c., 16,14. 

30. 1,324-6 c.c., 618-7 C.C., 342-7 c.c. 

31. In hydrogen: 31-99979, 31-99712, 31-9958, 31-9885ft./sec.2, In air: 

31-99767, 31-9682, 31-9627, 31-833ft./sec.l On SOg: 31-99163, 
31-8848, 31-8366, 31-639 ft./sec.2. 

32. (a) 1-00003023 sec. (ij 1-00002092 sec. (c) 1-0008371 sec. 


1. 12-6 cm. 

2. 16 cm., 196 cm. 

3. 177-2 C.C. 

4. 806 mm. 

6. 70-8“C. 

6. Ito 1-002. 


Chapter VIII 
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7 . 2,422 inches. 

8. 11-04 gm. 

9. 108C.C. 

10. 22-02 gm. 

11. Densities in gm. per litre: 1-429, 0*7708, 1-261, 3*22, 0*0899. Relative 

densities: 16,8-6,14,36-5,1. 

12. 2 vols. to 1 vol„ 1 gm. to 7 - 948 gm. 

13. 1 vol. in 6. 

14. Itol. 

16. Ito2-67. 

16. 0-0821 gm. 

17. 11-64. 

Qiapter IX 

1. (a) 660c.c. (J) 660c.c. 

2. 700C.C. 

3. 100 C.C., nil, 685 c.c,, 677-5 C.C., 1,300 c.c. 

5, 7-6cm. 

5, (a) 0-08205. (6)8-3136x10’. (c) 6,236. 

7. HCNjCO, 

8. COg, 27-27 per cent C, 72-73 per cent 0] NjO, 63-63 per cent N, 36-37 

per cento. 

9. HgS, NHg. 

10. 960 &c., 16-74 per cento, 83-26 per cent N. 

11. At 140" C. =N02, on cooling NgOj is formed. At 28" C. NjO^iNOg 

= 70:30. 

12. See Index. 

13. 3 vols. Og form 2 vols. Og, 2 per cent, ozone. 

14. 16 gm. 

16. a: 1, Cl: 36-62 (mean), 0:7-93, S: 16-96, Ag: 108-6 (mean), 
Hg: 99-42 (mean), Cu: 31-93 (mean), Fe: 27-79, Mg: 12-04. 

16. CSg. 

17. 7-838 gm., 6,761 c.c. 

18. 0-69. 

19. HgCO. 

20. H: 134cm., 0:67 cm. 

21. 16-38 litres. 

22. 2-88 atmos. 

23. 60-9 mm. 

24. 62-06. 

26. 6-66 atmos. 

26. 66-6 per cent. 

27. (a) 74-4gm. (6)47-8gm. (c)40-9gm. 

28. 202-2 cm. 

29. Steam: 0-0467 atmos., hydrogen: 0-9643 atmos. 

30. 0-174 mol acid, 3-654 mol alcohol, 0 ■ 826 mol ester. 

31. 3xl0-«. 


Chapter XI 

1. (a) 36 ■ 89® C. {b) 309- 89® Abs. (c) 29• 51® R. 

2, 241" F., 221“ F., -6f°C., 1011° C. 
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3. 80“ C., 95°C. 

4. 0’2424 cm., 0*2835 cm., 0*0105cni. 

6. 177>4c.c. 

6 . (a)0-62. (i)0'88. 

7. 70-66cm. 

8. 0-076 cm. 

9. 22-1 cm. 

10. m^c. 

11. 0*46 inch. 

12. 20 miles 68*4 feet. 

13. 6*66 secs. lost. 

14. 0*137 cm. and 0*341 cm. 



Chapter XII 

1. |O*094. 

2. 0*497. 

3, 3*12gm. 

4, 0*489. 

6. src. 

6. 633'3cals. 

7. 12gra. 

8,0*068. 

9 . 0 * 112 . 

10, 246-9“ C, 

11 . 0 * 11 . 

12. 28-8“ C. 

13. 7,962*6 gm. 

14. 80-4 cals. 

16. 630. 

16. 0-496. 

17.2-2“e. 

18. Substance (d). 

19. 0 - 447 cals, per sq. cm. per sec. 

20. 612 cals. 

21. 1-367 X 10’ ergs, 4-24 X 10“ ergs, 1*0476 x 10i» ergs. 

22. 11,027 cals. 

28. (a) 2,990,088 ergs, 7 *06 foot pouiidalsj 
(B) 11,360,000 ergs, 26 *916 foot poundals. 

24. 1*06“C, 

26. (fl) 3,469,048 cals. (B) b384 X 10* B.Th.U. 

26. (a) 0- 306 therms. (B) 964f gm. (c) 68 cub. ft. (d) 2• 72 pence. 

27. 68,430 ft. lb. , 

28. 16*8 h.p, 

29. 410|h.p. 

30. 1,066 cub.ft. 

31. 228“C. 

32. (a) 6*001 ft., (6) 0*0367B.Th.U. 

33. British units: 168, 92*12 X lO^ ft. lb., 37*002B.Th.U. 

International units: 7*086 X 10’, 3’8866 x 10’* ergs, 9260*7 cals. 

34. 8,714 X 10® ergs. 

36. 2*66 cub.ft. 

36. (<r)114cm. (B)134’6Qm, 
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Chapter XIV 

1. ^ amp. 

2. j amp., 3 volts. 

3. |olm 

4. (a) 0*142 amp. (B) 0-1 amp. 

6. (a) 0-4 amp. (B) 0-364 amp. 

6. if ohms, 0-36 amp. 

7. Current is halved. 

8. IJ volts. 

9. 8-3 ohms., 7 ohms. 

10. 18. 

11. 127 *2 metres. 

12. (fl) 1-84 ohms. (B) 1-321 ohms. 

13. 0-004394 amp, 

14. 0-09868 amp., 0-986 volt. 

16. 1:4. 

16. (a) 0*962 amp. (B) 1 ■ 917 gm. (c) 1* 9048 volts. 

17. (ay0*66 amp. (B) 0*44 amp, 

18. (a) 0-283 amp. (B) 7 ohms. 

19.0-000001628. 

20. 1 amp., 4 volts. 

21. A tenth. 

22. 1-6 volts. 

23. 1,136 ohms. 

24. 68. 

26, (a) 0-416 amp., 0-0832 amp. (B) 0-1113 amp. in each. 

26. 0-061 amp., 0-0066 amp. 

27. 0-0414 amp., 0-029 amp. 

28. 46-4 ohms. 

29. 12-3olims. 

30:, 1-6 amps, 4 per cent error. 

31 . 0-06 per cent error. 

32. f ohm. 

33. (a) 7-696. (B) 30- 6 ohms. 

34. 3-417 ohms, 3-783 ohms. 

36. 0*202 ohm, current increased in ratio of 40:20*2, 19 *8 ohms. 

36,1*61 ohms, 2*26 ohms. 

37. 0-66 X 10-® amp. per scale division. 

38. 29 min. 49 sec. 

39. 2*68. 

40. 91*48 ohms. 

41. (a) 4,996 ohms. (B) 9,996 ohms. 

42. (a) 1*344 pence. (B) 0-48 pence, (c) 0*30 pence. 

43. 72-19“ C. 

I 44. 16-47“C. 

46. 3 mins. 42 secs. 

46. 0-174 amp., 0-27 pence. 

47. l,662i ohms. 

48. (a) 1 amp. (6) 4 volts. (c) 4 watts. 

49. 0-26pence. 

60. (a) 862*2 ohms. (B) 62*87 watts. (c) 0*827 c.p. per watt, 

(d) 0*377 pence, 

61. 4“ C. above surroundings. 
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62 . (fl) 107-6 ohms. (J) 668-6 watts. 

63. 0-000284. 

54. 103-4 calories per minute. 

66. (a) 613-1 ohms. {h) 103 ’ 9 watts, 
(i) 0-623 pence. 

66. 1-46 watts. 0-001957 h.p. 

67. (a) 26 ohms, (6) 1,840 watts. 

{d) as heat in resistance. 

68. 1,600 to 1. 


(c) 0-6686 pence. 


(c) 1-924 c.p. per watt. 


(c) 176 watts, 
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aardvai'k 961 
aberration of light 341 ff. 

“abnormal abdomen” mutant 1009 
Abraxas 992 f. 
acceleration 262 ff., 282 
acceleration and change of speed 26 9 f, 
accelerations, triangle of 288 f. 
acetaldehyde 612, 614,616, 618 f., 621 
acetamide 612,618, 623 
acetanilide 632 
acetates 602 f. 

acetic acid 602 f., 606 f., 612, 614, 616, 
618,621 

acetic anhydride 618,622 
aceto-acetic ester 618 
acetone 612ff., 616ff., 621 
acetyl chloride 618, 622 
acetylene 610 
Achard,F.C. 436, 498 
achromatic lenses 171,334 
acid anhydrides 629 
acid chlorides 622, 629 
acids 439 

“acquired, characters,” inheritance of 
863 f., 1061 f. 
actinic light 174 f., 760' 
action at a distance 296, 636, 672 f, 
addition compounds 604 f. 
adhesion 396 f. 
adoption 1071 
adrenal gland 829, 841, 1043 
adrenaline 1043 
Adrian, E.D. 1032, 1038 
aeolipile 129, 666 
afferent nerves 1022 ff. 
agglutinins 1067 f. 
agonal lines 633 

Agricola, G. 367, 404 f., 660 f., 688, 801 
agriculture 806 f., 810 f., 896, 899 f., 
.904f., 922f. 

Agriculture, Board, of 789 f., 899 f., 948 
agriculture, primitive 972 
air, Weight of 362 f., 378 f., 422 
air pressure 378 f. 
air pump 376, 389 
air resistance 376 f. 
alabaster 460 
albinism 1064 ff. 
albumen 848 
alchemy 420 f. 
alcohol, power 642 
alcohols 606ff._,610f., 616, 519, 628ff.. 
alcohols, aromatic 610 f. 
alcohols, radicles of 630 
alcohols, synthesis of 630 
aldehydes 613, 618, 619 ff., 629 
Alexandria 66, 77 f., 81 ff., 106 f., Ill, 
116, 120 f., 134, 163, 200 ff., 229 f., 
243, 316, 361, 366, 368, 777, 793, 
928, 1020 * 

Algae 837, 839,941 
-^^ger, J. G. 433, 643 


Alhazen 132 
alimentary canal 910 
alizarin 497, 638 

alkali industry 417, 429, 434, 437 f. 
alkalies 439 
alkaline air 428 
alkaptonuria 1064 
alkyl cyanides 608, 622, 629 
all^I halides 608, 611, ^2, 629 
alkyl radicle 607 ' 

allantois 848 ff. 
alloxan 617, 623 
Almagest 118 
almanacs 108,124 
alternating current' 718 ff., 724 ff. 
alternating current, field round, 760 f. 
alternation of generations 837 f,, 941, 
946 

altitude 48,186 
aluminium 441, 468 ff,, 486 
amber 630, 836 
Amblystoma 1069, 
amentia 1068 

Amerigo Vespucci 81, 180, 228 f,, 300 

Amherst, Mcia 780 ff,, 812 f., 1076 

Amici, G. B. 832 

amides 623, 629 

amines 623 f., 629 

amino acetic acid 618 

aminoacids 622, 906 

aminobenzene see aniline 

aminophenol 635 

ammeter 706, 709, 712 

ammonia 428, 439, 463, 486 

ammonia, composition of 847 : 

ammonium acetate 612,618 

ammonium cyanate 499 ff. 

ammonium radicle 601 

amnion 848 f. 

amoeba 863 f. 

Amp6re,A.M. 660^739 
ampere (unit) 669, 677 f., 734 
Amphibia 939, 944, 967 f. , 
amplifier 768 
amyl acetate 613 

amyl alcohol 611,614, 621 , . , 

amylase 911 

anaemia 801 

anaesdietics 623, 874 ff. 

analogy 336, 660, 674 

analysis, gravimetric, 443 

analysis, plant 896 f. 

analysis, volumetric 443 f., 463 f., . 

anatomy 792 ff, 

Anaxagoras 116 
Andalusian fowl 976 f, 

Andrade, E. N. da G. 770 
. Angiosperms 927, 940 f., 944 f,, 960 
Angstrom unit 340 
angular diameter 137 f. 
aniline 631 ff, 638, 639 
anima 698 
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animal breeding 971 1001 ff. 
animals, classification of 931 ff, 
aniridia 1066 
Annelida 933 f., 937 
annual rings 830 
anode 466, 677 
anther 827 f. 
antlieridia 836 
Anthiaume, I’Abbd 352 
anthracene 497, 638 
anthrax 878 ff. 

anthropomorpliism 1018, 1021 f., 1039, 
_ 1044 f., 1048 
anti-cyclones 881, 672 
antimony 441 
antiseptics 497, 877 f,, 883 
anti-toxins 884 
anus 797, 910 
aperients 128, 359 f,? 

Apollonius 202 
appendix 797 
Appert 867 f. 
aqueducts 368 
Arab chemistry 361 
Arabs 106, 121, 132 f., 134, 202, 382, 
631, 776, 777 f., 793, 928 
Arachnida 937, 969 f. 
archaeology 1080 f. 

Archaeopteryx 967 f, 
archegonia 837 

Archimedes 134, 243 f„ 316,388 
Arcliimedes, principle of 371 ff. 
argon 488 

Aries, first point of 60,91 f., 219 
Aristarchus 1141, 117, 179, 202, 216 
Aristotle 77, 2611, 238, 261, 261, 316, 
362, 3671, 374, 378, 391 f., 402 f., 
4191, 618,• 818 ff., 821 ff„ 8271, 
866 , 928, 1021, 1062, 1077, 1000 
Arkwright’s water frame 686 
armature 717 
Arminius, J. 1049 
aromatic compounds 6081 
aromatic compounds, synthesis of 631 ff. 
arsenic 441 

arteries, pulmonary 7981 
Arthropoda 937, 943, 969 f, 
artichokes 641, 009 
artillery 236, 237, 2611, 307 
ascent of sap 826 
ascorbic acid 9151 
asepsis 8771,882 ' 
aspirin 632 
Assyria 783, 824 
astatic couple 7061 
Asteroidea 932 
astigmatism 160 
astrolabe 48,61,186 
astronomical clock 236 
astronomical tables 108,122 
asylums 1066 f, 
atmosphere (unit) 381 
atmosphere of earth 397 
atomic models 489 f, 
atomic number 400 
atomic weights 467 ff., 487fl. 


atomic weights, table of 469 
atomism 3921,420, 460 
atoms 466 if. 
attention 1041 
attraction sphere 865 f. 
auditory nerve 1034, 1038 
aui'icles 7981 
Aves 940 

Avogadro’s hypothesis 465 f,, 404, 475, 
477 ff. 

axolotl 863, 1060 
azimuth 48 ff., 186 
azo compounds 632, 630 f. 

Babbage, C., 616, 623, 713, 920 
Babcock, E. B. 1075 
Babylon 60, 64, 64 f., 329, 825 
bacilli 878 f. 

Bacillus anthracis 879 
Bacillus botulinus 879 
Bacillus coli 879 
Bacillus diphtheriae 879 
Bacillus pestis 879 
Bacillus radicicola 879 
Bacillus tetani 879 

Bacon, Francis 168, 2I6f., 232, 236, 
647, 662 f., 808, 892 
Bacon, Roger 108,132 
bacteria 642, 816, 863, 867, 878 ff. 
bacteria, culture of 879 f. 

Bailey, G, 643 
Baird, J.L. 767 
BakewelljR. 816,1004 
baking powder 461 
balancing 1032 ff. 

Balantidium 864 
BalljR.S. 351 
Balle,R, 826 
balloon 419 f., 438 
Banks, Sir J. 928 
barbituric acid 617 f., 623 
barium 462, 474, 486 
barnacle goose 819 ff. 
barnacles 828, 937 

barometer 379 ff,, 390, 396, 566, 668, 
6G0 

bases 439 
Bassa, Laura 886 

bast 830, 894, 908 ' . . 

Bateson, W. 976, 984 f. 

bats 866, 942 

BaylisSjL.E. 1076 

Bayliss, Sir W. M, 1043 

Bayne-Jones, S. 1076 

beans, heredity in 1063 

Beddoes, T. 410 

bees-wax 813 

behaviour 1016 ff. 

behaviour, heredity and 1052 f, , ,j 
Beneden, E. van 1052 
Bensaude, J. 81, 352 
Bentham, G., and Hooker, Sir T. D. 
1076 

benzaldehyde 632 * 

benzene 496, 608 ff., 617, 631 ff, 
benzene ring 609,631 f., 634, 637 f, 
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benzoic acids 631 f„ 634 ff. 
benzoline 607 

benzyl alcohol 610, 631 ff„ 836 
benzylamine 633, 636 
benzyl chloride 6.32 ff., 635 f. 
benzyl cyanide 636 
Bergius process 641 
beri-beri 916 
Berkeley, G., Bp. 296 
Bernard, C. 909 

Berthollet, C. L, 429, 436 f., 439 , 647, 

1080 V ’ ’ ’ 

beryllium 441, 486 
Bessemer, Sir H, 471 
bicarbonates 461 f. 

Bidwell, P. W. 1076 
Biedermann, W. G. A. 1019 
bile duct 797 
bilharziasis 932 
Billingsley, J. 948 
Bingham, A. 1087 
biological control 967 f. 

Bion 48 

birds 940, 942 f„ 967 f. 
births and deaths, registration of 792 
Black, Joseph 413 ff., 419,422,460,481, 
680, 882 ff., 688, 690, 694, 696, 598, 
619, 895, 047 
Blackbarrow, P. 634 
black mutant 997 
bladder 829, 841, 848 
Blanchard, J, P, 420 
blast furnace 361 
bleaching 436 f. 

Bledisloe, Lord 968 
BUgh, H.W. 782, 784, 1076 
Blitl;, W. 814 
Bloch, Marc 560 
blood, circulation of 411 f., 796 f. 
blood, colour of 413 
blood corpuscles 828 f., 831 
blood groups 1067 ff. 
blood pressure 600 f., 804 f. 
blood transfusion 1067 f, 

Board of Trade unit 700 
boiling point 662, 666 f., 678 
Bois-Reymond, R. du 1031 
boll weevil 968 
BondjH. 034 
boron 441, 486 
botulism 879, 886 
Bouguer, P. 301 f. 

Boulton, M. 420, 429 ff., 438, 438, 448, 
663, 683 f., 687 f., 697, 669, 1084 
Boussingault, J. B. 888, 900 f., 904 f. 
Boveri,T. 1062 
bow fin 944 

Boyle, R. 317, 366 f., 376, 389, 412 f., 
418, 422, 428, 438, 448, 662, 814, 
803, 1079 

■ Boyle’s Law 386 ff., 398, 424 ff„ 477 1 
Brachiopoda 933 
brachydactyly 1066 
Bradley,;.. 342ff. 

Bradley, R. 814, 826 f, 
brain 1026 ff., 1042 


BranIy,E. 766 
Bray,C.W. 1038 
breatliing, mechanism of 383 
breeding, stock 816 ff., 1064 
Bremner, D. 867 f. 
brewing 128, 361, 473 f. 

Bridges, C.B, 986, 993 
bristle worms 933 
British Thermal Unit 694, 604 f. 
.brittle stars 932 
bromine 442, 486 
bronze 360 f, 

Brouncker, Lord 408 
Browne, Sir Thomas 396, 820 f, 
Browning, C. H. 1076 
Brunet, P. 142, 362 
Bryophyta 941 

Bimon, G. L. L., Comte de 866 

bulbs 834 

Bunsen, R. W. 409 

buoyancy 120, 366 ff. 

Burdon-Sanderson, J. S. 1031 

burette 444 

Burge], B;H. 362 

BumetjT, 378 

Bury, R. de 046 

bush sickness 966 

butane 521, 631 

butter, rancidity in 870, 873 

butyl alcohol 514, 610, 621, 630 

butylene 610 

butyric acid 606 ff., 613,621 
butyrin 613 
buzzer 661, 663 

cable, electric 727 ff. 
cadmium 473 
Caesar, Julius 66 
caesium 476 
caffeine 617,1042 
caisson disease 802 f, 

Cajori, F. 346 

calciferol 916 

calcination 382 f., 427 f, 

calcium 441, 467, 474, 488 f, 

calcium acetate 612, 618, 618 

calcium formate 612, 616 

calculus 296 

Calder,R. 1081, 1088 

calendar 19,36ff„ 60 ff., 73 f., 128 

calendar, correction of 66-68 

calendar monuments 66, 69 ff., 218 f. 

calomel 369 f., 402, 440 

caloric 698, 603 f. 

calorie 694 f., 606, 629, 902, 906 

calorimetcy 692 ff. 

Calvin,;, 411 
calx 420f.,428f. 
cambium 830 
camera 163 

Camerarius, R. J. 823, 826 
Campbell, D. 884, 1075 
canals 887, 949 f. 

Cancer (constellation) 68 f, 
candle power 172 

i capacity and potential factors 666 ff. 
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capacityj electrical 044 if., 668 f., 670 ff.j 
726 ff., 768 f, 
capacity, unit of 676 
capillaries 798, 800, 804 f. 
capillarity 398, 893 
carbohydrates 600, 906 f. 
carbolic acid 886, ue phenol 
carbon 441, 460 f., 486 
carbon, forms of 464 
carbon assimilation m photosynthesis 
carbon bisulphide 463 
carbon dioxide 414, 421 f., 428, 460 f., 
896 ff. 

carbon monoxide 170,439,461,463,467, 
496, 802, 886 

carbon, oxides of 460 f., 463 f., 467, 606 

carbon, valency of 604 f. 

carbonates 417, 436 f., 440 

carbonic acid 611,620 

Carboniferous period 964 

carboxyl radicle 611 

Carhsle,A. 649 

Carnot, S. 614 

carotin 916 

Carthage 316 

cartilage 831 

Cartwright,!. 388 

caseinogen 910 

Cassini, G. D. 286, 307, 316, 317 
Cassiopaeia 24,29 
Castelli,B. 666 
castration 864 
catapult 129 

Cavendish, H. C. 299, 418 f„ 448, 488, 
636, 647, 669, 895 
Cavendish laboratory 729 
celestial equator (equinoctial) 23, 31 
celestial longitude and latitude 202 
cell 827 f,, 843 
cell division 842, 866 f, 
cell doctrine 983 
cell wall 866 

cellulose 621, 640 ff,, 9G8,907 
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hollow planet paradox 668 [. 
holly 828 

Holmes, A. 056, 1076 
Holmes, O.W, 876 f. 

Holmgren, 1. 1032 
Holmyard, E. J. 644 
Holothuroidea 933 

Home, Francis 4l6ff., 435, 437, 896, 
899, 947 

homozygous 978 
homunculus 832, 844 
Hooke, Robert 290, 294 ff., 307, 362, 
326, 384, 386, 413, 428, 664, 666 ff., 
672, 800,814, 828,893,946 
Hooke, S.H. 61, 66, 352 
Hooke’s Law 299 ff., 320, 326, 623 
Hopkins, Sir F. G. 807 
horizonti plane 26 f. 
hormones 1042 f, 


ike Citizen 

horn silver 440, 

horse power 613 f., 629 

horses, fossil 968 

horsetails 941, 945, 960 

horticulture 780 ff., 811 f„ 973 f., 982 f. 

hospitals 779 f., 792, 876 f, 

hot water system 673 

hour 40 

hour angle 60, 196 ff. 

Houstoun, R, A. 361, 643, 770 
Howard, John 791 
humanitarianism 1060 
Humplirey, J, H. 921 f, 

Hunt, Dr. James 1063 
Hunter, John 806 
Hurst, C.C. 976, 1071 
husbandry, beginnings of 776 
liutton, James 696, 947 L, 964 
Huxley, J. S. 903 
Huxley, T. H. 362, 906, 921, 1014 
Huyghens, Christian 232, 278, 284 ff., 
290 f., 294 f., 307, 317, 330, 333 ff., 
746, 822 

hybrids, splitting of 974 
hybridization of plants 826 f., 972 ff, 
Hydra 932 

hydracrylic acid 611, 620,622 
hydraulic organ 129 
hydraulic press 370 f. 
hydrocarbons 496, 606 ff,, 621, 629 
hydrocarbons, synthesis of 631 
hydrocarbons, unsaturated 610 
hydrochloric acid 428, 437, 466 
hydrocyanic acid 603 
hydro-electric power 718,726 
hydrogen 419,496 
hydrogen electrode 704 
hydrogen, liquid 678 
hydrogen peroxide 888 f. 
hydrogen, preparation of 419 
hydi'olysis 626 
hydrometer 376 f. 
hydrophobia 883 f. 
hydroquinone 636 
hydroxy acids 611, 619 f,, 522 
hydroxyl radicle 610 
hydroxj^henols 635 
hyperparasitization 969 
hypnosis 1041 
hypothesis 118, 329, 349 


iceberg 373, 376 
ice pail experiment 867 f. 
idiocy, amaurotic 1061, 1066, 1009 
idiocy, Mongolian 1001, 1069 f. 
image, virtual and real 137,162 
immunity 883 ff, 
inbreeding 1062, 1071 
inclined plane 249 f., 283 ff., 308 
India, ancient 784 
indigo 639 f. 
indium 476, 486 
inductance, variable 756 f. 
induction,electromagnetic 716 ff., 720ff., 
738f. 
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induction,electrostatic 637,639ff., 667f. 
induction, magnetic 636 
induction coil 722, 726,741 f. 
industrial revolution 433 
industries, old and new 1083 
inertia 239 f., 267, 620 
inertia, electrical 727 f., 740 f., 767 f 
inertia, moment of 609 ff. 
infectious diseases 780 f,, 870 ff., 877 ff 
882ff. 

influenza 884 

infra-red radiations 174 f., 760 

Infusoria 863 

Ingen-Housz, J, 896 

inhibition 1041 

insect pests 967 ff. 

insecticides 969 f. 

insects 803, 937, 943, 969 f., 1032 f. 

insemination, artificial 861, 866 

instinctive behaviour 1039 

insulators, 637 f., 760 

intelligence, heredity and 1070 ff. 

intelligence tests 1072 

interference 321 f., 326 f., 336 ff., 746 f, 

internal combustion engine 719 f. 

intestine 797, 910 

introspection 1043 f. 

inulin 641,909 

invar 677 f. 

inverse square law 296 ff., 635, 660 ff. 

Invisible College 662 

iodine 442, 488, 489, 885 

iodine requirements 862, 912 

iodoform 803, 614 

ions 480f., 701, 703 

Iridaceae 941 

iron 441, 471 f, 

iron, early use of 360 f. 

irrigation 368 

island life 961 f. 

isobars 672 

isocyanides 623 f., 629 

isogonal lines 633 

isolates 1088 

isotherms 672 

isotopes 490 f. 
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James, C, 866 
Jardine,Prof.G. 644, 770 
Jeans, Sir J. H. 361 
jelly-fish 931 
Jenner, E. 883 
Jennings, H. S. 1061 
jewels 128 

Jews 104, 106, 131, 776, 777 f. 

Jolly, P. 1037 

Joule, J, P. 603 ff., 616 f., 619, 677, 686, 
666 

Joule’s Law 696 

Julian calendar 66 

Jung, J. 924 

jumper 940 

Jupiter 181 f., 216 

Jupiter, moons of 133, 306, 314 f., 329 


kangaroos 961 
Kant,L 1046 f. 
kathode 466, 677 
kathode stream 763 f, 

Kay,J. 414 ff, 644 
Kazwini 826 

Keir, James 417, 429, 430, 434, 437 f. 
Keiselguhr 611 
Kelvin, Lord 727 ff., 763, 921 
Kepler, J. 133, 135, 146, 210, 212, 218, 
232, 295 ff., 307, 660 
Kepler’s Laws 216 f., 232, 296 ff., 308 f. 
Kepler’s telescope 166 f. 
kerosene 607 

ketones 613, 616,618 ff., 621, 629 
kidney 829, 912 
kinetic energy 608, 629 
king-crabs 937 
kiwi 943 

knee jerk 1019,1036 
Knight, Thos. 814 f., 826, 833, 867 
973, 984, 1076 

Knowles, L.C. A. 644,770 
Koch,R. 878, 880 
Koelreuter, J. 826, 982 
Kohhausch, R. 763 
K6lliker,A. 844 
Kieidl 1036 
Kroeher, Prof. 1054 
krypton 488 

labour theory of value 617 
labyrinth 1034 
lacteals 911 

lactic acid 611,619 f., 870 
La Mettrie, J. 0. de 648 
Lamarck, J.B.P. 863, 920, 1061 
Lamellibxanchs 936, 937 
lamprey 828, 938 
lamp shells 933 

Laplace, P.S. 334, 698, 619, 902 
larva 862 
larynx 797 

Lassone, J. M. F, de 439 
latent heat 583, 694 ff., 619 
lateral line 1038 
latitude 40, 64 ff., 106 f., 129 
latitude, celestial 105, 220 ff. 
latitude, determination of 74, 76, 87 f., 
97 f., 122 f., 196 f. 

Laud, Abp. 1049 
laughing gas 451, 463, 876 
Lavoisier, A. L. 428 f., 448, 450, 499, 
696, 698, 614, 619, 806, 866, 896, 
902 f. 

law, scientific 141 ff., 1077 
Lawes, Sir J, 901 
Lawrence, W. J. C. 1076 
Laxton 974 f., 982 f. 
lead 440 f. 
lead alloys 473 
lead compounds 440 f. 
leaf, strucmre of 907 f, 
leaf-hoppers 988 
learning 1039 ff. 

Leblanc, N. 436 ff. 
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Leblanc process 429^ 437 f., 470 
lecithins 600,906 
Lecky^W.E.H. 396,644 
Leclanche cell 704 
Iccclics 934 

Leeuwenlioek 810,816, 822 f,, 828, 882, 
844, 863, 866 
LeFort,L6on 877 
legumes 888 if. 

legumes, root nodules of 889, 924 

Leibnitz, G. W. 290 

LeLoss 438 

Lenin, N. 891 

Leonard, R. 808 

lenses 168 ff. 

lenses, magnification of 164 

Leonardo da Vinci 248, 794 

leprosy 786 

Leucippus 393 

lever 129, 243 ff., 308, 691, 663 

levose , 641 

Lewis 364 

Leyden jar 644ff„ 673, 739ff., 760 

lice 886 

lichenes 943 

Lidbetter, E. J. 1071 

Liebig, J. von 18,434,901,906 f., 909 f. 

life, expectation of 886 f. 

life insurance 789 

fight 314 ff. 

fight and sound compared 746 
fight, animal _ 866, 1016 ■ , 

fight, dispersion of 168 ff. 
fight, speed of 307, 329 ff,, 763 
fight, straight fine propagation of 67,136f. 
light and oscillatory currents 761 
light intensity 171 f. 
light rays 134, 162 f, 

U^t waves 332 f., 348 f., 760 
lightning 643 f. 
lightning proteaor 742 f. 

Liliaceae 941 
Lillie, F.R. 1076 
lime 416f., 460f. 

Limulus 959f. 

Lmd,J. 790 f. 
linkage groups 999 
finkage, ordinary 997 ff. 
linkage, sex 991 ff. 

Linnaeus, C. 417, 814, 926, 9.30 

Unseed oil 613 

lipase 911 

liquid air 674 

liquid pressure 369 f. 

litharge 440 : 

lithium 486 

fiver 796 f., 909 

liver fluke 931 f., 967 

liverworts 836, 838, 941 

lizards 940 

“lobster claw” 1066 

lobsters 937 

Lock,R.H. 976 

lock-jaw 879 

Lockyer, Sir N. 60, 69, 71, 218, 224 f., 
862 


locusts 968 
lodestone 648, 630 
Lodge, Sir 0. 766 ff, , 

Loeb,J. 845, 1022 
logic and fact 217 
Long,C.W. 876 f. 
longitude 129 
longitude, Board of 294 
longitude, determination of 79 ff., 87, 
99, 106 f., 122 f., 133 f., 179 f., 228, 
285, 294, 306, 314!., 633 f. 
loud-speaker 689 
Lower, R. 413 
Lucretius 393 ff., 1079 
lunar distance, method of 104 
Lunar Society 430 ff, 

Lunardi, V. 420 
lung fishes 944, 958 
lungs 383, 797, 801 f. 

Lyell,SirC. 946 ff„ 954, 1076 
lymph glands 
lymphatics 911 
lysol 886 

McClung,R.K. 984 
Macdonell, A. G. 1080 
Macfai'lane, G. 983 
MacGregor 436 f, 

Mach,E. 261 
MacIGe,D. 498 
Maestrichte 438 
Magellan, F. 306 
Magcndie, F. 1023 
magenta 632, 639 
magnesium 468 ff., 486 
magnesium methyl iodide 616, 622 
magnetic attractions, measurement of 
660ff. 

magnetic declination 632 ff. 

magnetic dip 632 f. 

magnetic field 662 ff., 747 f. 

mapetic field of earth 864 f. _ 

mapetic field round current 706 

magnetic induction 636 

magnetic moment 683 ff. 

mapetic polarity 636 f. 

mapetism 306,630 ff. 

magnification 168,164 

maize 917,1000 

malachite 360, 440 

malaria 790, 884, 888, 967, 1063 

Malcolm, W. 814,973 

malic acid 620 

Malinowski, B. 816 

malonicacid 611, 618,623 

Malpighi, M. 800, 803, 829, 912, 924 f. 

malt 473f. 

Malthus,T.R. 791,901 
maltose 911 

mammals 848, 927, 940, 943, 968 
Manchester Philosophical Society 449 
manganese 441 
Mantell,C.L. 468 f., 644 
mantle 934f. 

manures 407, 418, 892 f., 896, 898 f., 
901, 966 
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maps, early 76, 106 f. 

Marco Polo 366 

Marconi, G. 766 f., 764 

Margraf, A. S. 498 

MarguetjF. 81, 180 , 362 . 

marine acid air 428 

Marinus of Tyre 106 

Mariotte, E, 386, 388 

Mars 181 ff., 206 if., 210,212, 214 ff. 

marsh gas see methane 

Marshall, A. 807 

Marshall, Arthur 406 ff., 644 

Marx, Karl 393,870 

massjimltsof 267 f. 

mass and weight 248, 260, 291 f. 

mass action 481 ff. 

Masson, Irvine 644 
matches 438 

materialism 393 f., 1014 f., 1021 
mathematics 82, 109, 120 f., 237, 729 f. 
mauve 497, 639 

Maxwell, J. G. 736 f., 739, 760 ff., 1011 
Maxwell, S. S. 1033 
Mayas 183 f. 

Mayer, R. 614 f., 619, 624 f., 906 
Mayow,' John 413 f., 800 f., 888, 892 
measles 881, 884 
mechanical advantage 243 f. 
mcchamcs 238 ff., 242 ff. 
medical schools, early 778 
medicine and science 128, 369 f., 776, 
809, 887 , 
mediiud 623 

megaliths 69 ff., 218, 226 f. 
megaspore 833 
Mefior,J.W. 470, 643 
melting points 678 
Melville, R.D. 394 
memory 1040 f. 

Mendel, G. 922, 975 ff. 

Mendel’s First Law 978 
Mendel’s Second Law 981 
Mendelian faaors 977 ff. 

Mendelian ratios 976 ff. 
Mendcljeff,D.J. 486 f., 488 f. ; 
meniscus 396, 398 
menstruation 841 f. 
mental defect 1060 f, 
mercury, chlorides of 402 
mercury (metal) 396, 441 
Mercury (planet) 181 f., 210,212 f., 216 
meridian 28, 26f, 
meridian, fixing the 37 
Merseme,M. 284 ff., 307, 317, 329 
mesitylene 617, 619,637 
mesoderm 849 
mesoxalic acid 617 
metallic ores 369 ff. 
metello-organic compounds 622 
metals, extraction of 420 f. 
metals, fight 467 ff. 
metals of ancient world 369 
metals, reduction and assay of 128 
metamorphosis 862 f. 
metaphysics 290 f, 

Metcalf, C.L. 1076 


meteorology 666 ff., 672 f. 
methane 439,496,603 ff., 612,616, 618, 
621, 626 

methane, composition of 462 f. 
methyl acetate 612 

methyl alcohol 606f,, 612, 616, 618 f., 
621, 626 

methyl bromide 612 
methyl chloride 603 
methyl ether 612, 616 
methyl formate 602 
methyl ioide 603, 616 
methyl iso^anide 612 
methyl radicle 609 
methylamine 612,518 
Meton 66 
Meyer, E. 862,485 
microfarad 676, 768 
microphone 688 f. 

microscope 132, 186 ff., 810, 816 f., 
832, 030 f., 1020, 1022 
microscope slides 838 f. 
microscopic vision, limits of 881 
microtome 838 
Miller,?. 814 
Millington, Sir T. 823 
millipedes 937 
millstone grit 964 

mineral requirements of body 912 ff. 
miniature mutant 996 f„ 999 
mining 363 ff, 404 f., 410 f., 660 f,, 664, 
801, 948 f. 

Mirabifis 976 

mirrors 128,161 ff. 

mirrors, spherical 163 ff. 

mirrors, spherical, magnification of 168 

mitosis 866 f. 

MivartjStG. 1064 
Mohammedan calendar 66 
'Moillet,A. 644 
mol 468, 478 

molecular weight 466 ff,, 479 ff. 
molecules 466 ff, 

Mollusca 934 f., 937 
MoUuscoidea 933 
molybdenum 473 
moment 662 ff, 
moment, magnetic 603 ff, 
monaminoacetic acid 522 
monasteries 778 ff. . 
monobromobenzene 632 
monochloracetic add 618 
monochlorbenzene 631, 633 
Monocotyledons 926, 927 941 
Montgolfier, J. M.' 419 
month 27 ff. , 

month, sidereal and spodic 103 f, 
moon 26, 27ff. 
moon, distance of lll ff. 
moon, harvest 101 
moon, nodes of 44,46 
moon, phases of 100 ff, 
moon, retreat of 29, 100 f. 
moon, rising and setting of 100 f. 
moon, size of lllff, 

Moray, Sir R. 821 
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Morgan,!,L.R. 985, 997 
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Morley,S, G. 362 
Morse receiver 653, 707 
mortality bills 789 
Morton, W.T.G. 875 0. 
mosaic disease 880, 884 
mosquito 880 f., 907 
mosses 830, 838, 941 
mothballs ,496 
motion, relative 263 
motion in a circle 269,272 ff., 308 
motion, in straight line, rules 258 
motion, periodic 279 ff. 
moulds 839, 870 f. 

Mucor 839, 870 
mulberry 823 f. 

Muller, HJ. 986 
Mliller, J. 1023 
multiple proportions 469 f. 
mumps 884 
Munro,J. W. 967 
MllntZjA. 888 
Murdock, W. 438, 683 
muscle fibres 831 
muscles 796 f., 1016,1026 
music 129, 316 
mussels 936, 937 
mutations 983 
Myriapoda 937, 060 
myricyl alcohol 613 

naphtha 607 
naphtlialene 496, 638 
natural resources, local and universal 
367 ff., 607, 642, 720, 890, 914 f., 
919, 1006, 1088 
natural rights 1060 
natural selection 963 f,, 1064 
nature and nurture 1049 ff. 

Naudin, C. 974f., 982f. ^ 
navigation 121 ff., 129,131 ff„ 190, 194, 
290, 306, 647 ff., 867, 660, 030 ff., 
722 

Needham, John 866 
Needham, Joseph 306, 544, 623 f. 
NefjJ.U. 363 ff., 433 f., 644, 770 
negro 1063 f. 

Nemathelminthes 932 
Nematoda 932 
Nemertinea 932 
neon 488 

neon lamps 761, 767 f. 
neosalvarsan 886 
lieoteny 1069 
nerve degeneration 1024 
nerve fibres 1022 f., 1026 f. 
nerve physiology and electrical inven¬ 
tions 1021 , 1028 f„ 1030 ff. 
nerveroGts 1022ff, :[ 
nerves 1020ff. 

nerves, electrical changes in 1030, 
lO30f. V 

nervous impulse 1020, 1028 ff. 
nervous impulse, speed of 1029 ff. 
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Neuburger, A. 362, 363 f., 644, 770 
Neugebauer, Otto 352 
neurones 1022 

Newcomen engine 415, 564 ff., 669, 
680, 683 ff., 887 ff., 697 
Newlands, J. A. R. 486 
Newport, G. 844 f. 
newt 939, 1069 

Newton, Sir Isaac 104, 108 ff., 238, 
266, 267, 290, 298 ff., 307, 314 f., 
326,330,334 f., 341,389,395,606 ff., 
612 f., 660 f., 668 f. 

Newton’s mechanics and the modem 
world 606 ff. 

Nicholson, W. 649 
nickel 472, 489 
nicotine 1026 f. 
night blindness 1066 
night dial 60, 233 
Nilsson, M. P., 32 ff., 42 f., 73, 362 
nitrates 406 ff, 441, 888 ff., 892, 904 
nitre 413, 892 
nitric acid 467, 484 
nitcobenzenes 631 ff., 536 
nitrogen 427, 486 ff. 
nitrogen cycle 879 
nitrogen, estimation of 900 
nitrogen fixation 889 f., 965 
nitrogen, oxides of 439, 461, 463, 467 
nitroglycerine 611 
nitro-hydrocarbons 623 f., 629 
nitromethane 612 
nitrous oxide 876 
nltrophenols 632, 635 
nitrotoluenes 633, 636 
Nollet,Abb6 760 
nomenclature, biological 920 f. 
non-disjunction 993 
Norman, R. 634 
north polar distance 62 f., 69 
north pole, regiment of 124 ff. 
notochord 846, 849, 939 
nuclear and sidechain substitution 610, 
631 f. 

nucleus, cell 843, 865 f. 
number magic 402 f. 
nystagmus 1036 

observatories 236, 307 
occultations and longitude 228 
octopus 935, 937, 1037 
Oersted, H.C. .468, 660, 739 
oesophagus 797, 910, 1042 
ohm (unit) 677, 683, 736 
Ohm’s Law 684 f., 688, 694, 734 
oleic acid 613 
olein 613 

olfactory nerves 1027 
Oligochaeta 934 
Omar Khayyam 120 
Opalina 864 ' 

operculum 861 f. 

Ophiuroidea 932 
opi)osition 180 
optic nerves 1027 
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optical bench 159 
optical illusions 135 ff. 
optical instruments 334 
optical isomers 869 f. 
optics 306 
Orcliidaceae 941 
ores 420 f. 

organic acids 503, 611 f. 
organic compounds, synthesis of 524 ff. 
organic radicles 627 • 

organic substitutions 627 ff. 
organic and inorganic chemistry 498 f, 
orientation reflexes 1032 ff. 

Orion 29, 33 
Orr, Sir J. 1089 

ortho, meta and para positions 634, 
637 f. 

oscillatory discharge 739 f. 

osmosis 476 ff., 893 

ossicles, ear 1034 

Ostracoderms 967 

outcrop 962 f. 

ovary (animal) 828 f., 841 

ovary (plant) 827 f. 

oviduct 829, 841 

ovule 827 f. 

ovum see egg 

Owen, Sir Richard 844 

Owen, Robt. 617, 770, 1081 

Owens College 448 

oxalic acid 611, 614,820 

oxidation 360 f., 421 f., 427 f. 

oxides 420 f., 439 

oxidizing agents 616, 627, 886 

oxyacetyJene flume 678 

oxygen 413, 418 f., 427 f., 486 

oxygen consumption of animals 902 

oxyhaemoglobin 801 f. 

oysters 828, 936, 937 

ozone 456, 601 , 

Paine, T. 914 
paint 613 

Palaeodictyoptera 960 

Palmer, R. 1076 

palmitic acid 613 

palmitin 613 

pancreas 796 f., 911,1042 

Panniza 1023 

Papin, D. 661, 664 f. 

para-aminophenyl-sulphonamide 886 

paraffin oil 496 

parallax lllf. 

parallax of stars 342 ff, 

Paramoecium 863 f. 

S ites 967 

, Academy of Sciences 286 
Parker, T.J. 1076 
Parkes, A, S, 644 
pa^enogenesis, artificial 846, 860 
-Parsons, T. R. 362 
Partington, J. R. 644 
Pascal, B. 286, 380, 384 
Pasteur, L. 807, 862,866, 868 ff., 877 f., 
882ff.,887 - 

pasturage 066 


paternity tests 1088 
Paul, Saint 403, 1049 
Pavlov, J. P. 1022, 1038 ff., 1045, 
pea 976f., 1000, 1067 
pear drops 613 
pedigrees, human 1064 
pellagra 917 

pendulum 279 ff., 286 ff,, 300 f., 307 t. 

317, 329, 397 

pendulum, grid iron 678 
Penicillium 870, 891 
penis 828 f. 

Penrose, L.S. 1056 

pentane 621 

pepsin 911 

Percival, T. 410 

periodic law 484 ff. 

periodic motion 293 f., 308, 318 

periscope 147 

Perkin, W.H. 497, 639, 643 
Peruvian bark 886 
pests 967 

Petrie, Sir F. 66, 362 

petrol ether 607 

petroleum 496, 607 

Petty, Sir W. 662, 617, 770, 78 9, 793 

phenacetin 632 

phenol 496 f„ 610, 531ff„ 635 . 
phenyl acetic acid 631, 636 
phenyl cyanide 632 
phenylene diamine 636 
phenyl-nitro-methane 633 
phenyl-thiourea 1069 
phlogiston 422, 428f.,S29, 832 
Phoenicians 74, 848, 630 : 
phosgene 617 
phosphine: 486 
phosphorus 438, 441, 486 f, 
photo-electric cell 768 
photography 173 , 

photometer . 172 : 
photosynthesis 904, 907 ff. 
phototaxis 1032 f, 

Phrynosoma 1036 
phthalic acids 634, 637 
phylum 931 

Physicians, Royal College of 789 
pi 60 

Picard, J. 286, 316, 317 
Picard, Prof. 380, 397 
picric acid 632, 886. 
pike 1037 , 

pilot books 124 ff. ; 
pine 940 
pineal gland 796 
pineapple flavour 613. 
pipette 444 
Pisces 939 
pistih 827f. 
pitch 496 f. 
pitch, musical 320 f. 
pith 830, 894 
Pithecanthropus 927 
pituitary gland 796, 1042 f. 
placenta 849 f, 

plague 786ff., 879, 967, 886 f., 907 
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jnet, elongation of 184,204 f. 
ylanets 119, 200 ff. 
planets and longitude 179 ff. 
planets, motion of 181 ff., 200 ff., 202 ff., 
208 f., 220 f., 300, 307 
planets, occultation of 316 
planets, satellites of 307 
planisphere 98 
plant diseases 968 f. 
plants, classification of 940 ff. 
plants, nutrition of 892 ff., 906 ff. 
plants, reproduction in 944 f. 
platinum 441, 473 
platinum, black 704 
Plato 77, 109, 116, 134 f., 137, 392 f., 
618 

Platyhelminthes 931 
Playfair, W. 684, 1076 
Pleiades 33 
plexus mutant 999 
Plimsoll line 377 f. 

Pliny 81 
Plot,R. 409,949 
Pluto 213 
Pneumococcus 879 
pneumonia 879, 884 
Poincar^, H. 770 
poisons 886 
polar bodies 868 
polarimeter 869 

polarized light 333 f., 704, 747, 769 f., 
869 

Pole star 21,23 ff., 26, 66, 126 f. 
pole stren^ 682 
political science 1084 f. 
pollen 944 f, 

pollen tube, genes affecting 1004 
pollination 814f., 823ff. 

Polybius 244 f, 

Polychaeta 933 f. 
polyps 931 f. 

Polyzoa 933 
Popoff 766 
population 1086 
Porifera 931 
Portuguese 104 
Poseidonius 84 f., 117 
potash 436 f.. 
potashes 417 
potassium 441, 467, 486 ff. 
potassium compounds 462 
potassium cyanate 600 
potassium cyanide 600, 603 
potassium formate 603 
potassium permanganate 607, 885 
potato diseases 880, 884, 968, 1004 
potential, electrical 668 ff„ 670 ff., 
689ff. : 

potential, electrical, measurement of 
689ff. 
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